





INVESTIGATING SURFACE BEHAVIOR OF COPPER ELECTRODEPOSITION 



















Submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Chemistry 
in the Graduate College of the  










 Professor Andrew A. Gewirth, Chair 
 Professor Greg S. Girolami 
 Professor Paul J. A. Kenis  









 Fabrication of microelectronics relies on copper (Cu) electrodeposition to form metal 
interconnects between the miniaturized circuit components within semiconductor devices. 
Cu electrodeposition for these applications is performed in the presence of organic additives to 
achieve super-conformally filled features without detrimental voids, seams or bumps.  
Fundamental understanding of Cu electrodeposition in this context is important for the 
advancement and innovation of the microelectronic fabrication industry.  The first chapter 
introduces motivation for the microelectronics industry and fundamental concepts understood 
about Cu electrodeposition with additives.  The second chapter discusses the role hydrophobicity 
plays in suppressing agents such as poly(ethylene glycol) (PEG) and poly(propylene glycol) 
(PPG).  The third chapter describes the unique suppression behavior of PEG in methanesulfonic 
acid (MSA) electrolyte, an environmentally friendly alternative to sulfuric acid.  The fourth 
chapter discusses the difference in interaction between bis-(sodium sulfopropyl)-disulfide (SPS) 
accelerator and PEG suppressor and between SPS and amine-based levelers. 
 Chapter 1 briefly explains the microelectronics industry and the role Cu technology 
played in its evolution.  Cu replaced aluminum as the interconnect material of choice in the late 
1990s due to its superior physical properties.  The Damascene process was developed to 
efficiently incorporate Cu into patterned low-k dielectric material to create precise interconnects 
joining the logic capable chip components with a larger scale of connections.  Damascene 
processing relies upon Cu electrodeposition to fill nano and micro trenches/vias.  To achieve 
proper filling without seams or voids, additives are included in standard sulfuric acid and copper 
sulfate electrolyte to influence the Cu reduction mechanism at the surface.  The primary 
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additives are chloride (Cl
-
), suppressors, anti-suppressors (accelerators), and levelers.  Cl
-
 
adsorbs to Cu and facilitates all additives’ interaction to the surface.  Suppressors inhibit 
deposition by preventing Cu
2+
 diffusion to the surface and heavily rely on adsorbed Cl
-
 to 
function properly.  Anti-suppressors, also known as accelerators enhance the deposition rate 
primarily through displacement of suppressor.  SPS is ubiquitously used as accelerator.  Levelers 
inhibit deposition, but operate to smooth out rough deposition evolution.  Levelers are 
chemically distinguished from suppressors by a nitrogen-containing moiety imparting cationic 
quality.  Synergistic interactions between all additives at the surface during deposition yield 
proper super-conformal filling of Damascene features and are explained thoroughly by the 
Curvature Enhancement Accelerator Coverage Model.  Cu electrodeposition has also been 
recently been applied to achieving three dimensional packaging of microelectronics.  Continual 
advancements in Damascene processing and new applications in advanced packaging of 
semiconductor devices keep the pursuit of fundamental Cu electrodeposition insight at the 
forefront of scientific inquiry. 
 Chapter 2 details investigation into the fundamental surface behavior of Cu plating 
suppressor additives poly(ethylene glycol) (PEG) and poly(propylene glycol) (PPG) using 
normal Raman spectroscopy,  surface-enhanced Raman spectroscopy (SERS), and 
electrochemical quartz crystal microbalance (QCM) measurements.  Raman and SERS show a 
clear spectroscopic trend of increased intensity in higher wavenumber modes in the CH 
stretching region as the environment is changed from pure material to solution to surface for both 
PEG and PPG.  The spectral changes associated with PEG are larger than those associated with 
PPG, suggesting that the relatively more hydrophilic PEG undergoes more conformational 
changes upon surface association relative to the more hydrophobic PPG.  Calculated Raman 
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spectra show the observed spectroscopic trend is associated with increased gauche character in 
the polymer backbone.  QCM measurements show PEG adsorbs to the surface only in the 
presence of Cl
-
, while PPG adsorbs to the surface both with and without Cl
-
 present.  In the 
presence of Cl
-
, PPG forms a denser surface layer compared to PEG on a Cu underpotential 
deposition (UPD) layer on Au.  These differences are attributed to differences in relative 
hydrophobicity between PPG and PEG, highlighting the property’s importance in dictating 
surface behavior of suppressor additives.  
 Chapter 3 describes a fundamental investigation of the unique suppression behavior of 
PEG in methanesulfonic acid (MSA) Cu plating baths using electrochemical methods, normal 
Raman spectroscopy, SERS, and electrochemical QCM measurements.  MSA is an alternative 
electrolyte to sulfuric acid, gaining recent interest for possessing superior Cu salt solubility and 
being more environmentally friendly.  Furthermore, suppression of Cu electrodeposition by PEG 




 is not required in MSA 
electrolytes.  SERS measurements of MSA electrolytes without PEG at a Cu surface show MSA 
molecules undergo re-orientation at negative potential, as evidenced by potential-dependent 
symmetry changes.  The re-orientation of MSA in MSA and PEG electrolyte is delayed due to 
interaction between the two species.  Eventually, MSA re-orients and PEG leaves the surface, in 
coordination with onset of Cu reduction current, suggesting the suppression interaction of PEG at 
a Cu surface is facilitated by MSA.  QCM measurements demonstrate a similar departure of PEG 
mass at potentials negative of the MSA re-orientation.  
 Chapter 4 describes an investigation into intermolecular interactions between Cu 
electrodeposition accelerator, suppressor and leveler at a Cu surface during deposition using 
electrochemical injection experiments and SERS.  Due to cationic, nitrogen-containing 
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functionalities, levelers interact with the SPS sulfonate moiety through ion-pairing and deactivate 
SPS’s acceleration ability, whereas non-cationic suppressors cannot.  A shift in energy of the 
carbon-sulfonate bond observed with SERS provides direct evidence of an ion-pairing 
interaction between amine leveler molecules ethylenediamine (EDA) and diethylenetriamine 
(DTA) and SPS.  Such a shift does not occur when PEG is included with SPS.  Furthermore, the 
ratio between the gauche and trans conformations of SPS’s alkyl chain backbone has been 
previously correlated to acceleration performance.  Analysis of the SPS gauche:trans in the 
presence of additives reveals that additives affect SPS structure and therefore acceleration ability 
in the following order: PEG < EDA < DTA.  Despite its large molecular weight, PEG influences 
SPS structure significantly less than EDA or DTA.  The difference in SPS structural behavior 
between interaction with PEG and interaction with amines indicates the importance of cationic 
functionality for proper leveler interaction with SPS.  Continually, DTA’s ability to affect SPS 
structure more drastically than EDA suggests molecular weight of properly functionalized 
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Introduction: Copper Electrodeposition for Microelectronic Fabrication Applications 
 
1.1 Microelectronics industry and Moore’s Law 
 The microelectronics industry dates back to the development of the first successful solid 
state transistor by William Shockley, John Bardeen, and Walter Brattain, for which they received 
the 1956 Nobel Prize in Physics.
1
  Solid state transistors are smaller and more energy efficient, 
yielding better performance over vacuum tube technology.
1, 2
  Shortly thereafter, the potential for 
such technological development was realized in the form of integrated circuits (ICs) in the 
1950s.  Integrated circuits contain numerous circuit components, typically transistors, packed 
closely together and connected by small electrical wires (interconnects) embedded in a low 
dielectric material.
3
  ICs perform various functions such as leveraging the logic capabilities of 
transistors to execute computing activities and are the basis of modern electronic devices.
3
  The 
first ICs contained about 10 transistors, but as processing methods developed, more and more 
transistors could be packed into smaller spaces.  In 1965, Gordon Moore of Intel predicted that 
the number of transistors in a dense IC, and thus overall performance, would continue to 
exponentially increase over time, based on data at the time.
4
  His prediction was an effort to 
promote ICs as the path forward for cheap electronic devices, as well as provide a measure for 
the current state of the industry.  The prediction eventually took hold to such an extent that it 




 Moore’s Law, as his prediction became to be known, paced the industry for decades, with 
the number of transistors per area doubling about every two years.
5, 6
  This pace of development 
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was achieved largely by continually scaling down the size of transistors, along with the other 
components of ICs, including the metal interconnects.  Current technology uses silicon 
transistors on the order of 10s of nanometers, which allows up to 1 billion transistors per chip.
2, 5, 
6
  Not only has miniaturization allowed for more units per area, but performance and speed have 




1.2 Overview of Cu Damascene technology 
1.2.1 Cu Damascene technology replaces Al 
The microelectronics industry has overcome numerous physical, chemical and 
engineering obstacles to keep pace with Moore’s Law.  One such obstacle encountered in the 
1990s was the replacement of aluminum (Al) interconnects with copper (Cu) due to Cu’s 
superior physical properties.
7
  The Damascene process was developed to efficiently fabricate Cu 
interconnects within dielectric material via electrodeposition.   Cu metallization by 
electrodeposition allowed for the continual miniaturization of feature sizes resulting in sustained 
growth of the chip fabrication industry, now valued at hundreds of billions of dollars.
6
  Cu 
Damascene technology still dominates the industry as the interconnect conductor of choice for 
most applications. 
 
1.2.2 Advantages and challenges of Cu metallization 
 Small transistors fabricated on wafers require precisely designed and fabricated electrical 
connections throughout the die in order to electrically join the global level, where inputs and 
outputs take place, with the local level, where transistor logic processing occurs.  The fabrication 
of interconnects is not trivial, especially given the rapid advancements in transistor 
3 
 
miniaturization over the decades.  Smaller transistors require smaller connections, and more 
precise fabrication.  Metallization of ICs was originally achieved with Aluminum (Al) because it 
possessed adequate electrical conductivity and was easily patterned via etching.
7
  However, 
scaling and performance demands of the late 1990s necessitated a transition from Al to copper 
(Cu).  The resistivity of Cu (1.67 μΩ-cm) is lower than that of Al (2.65 μΩ-cm). 
8, 9
  Lower 
resistivity leads to less heat generation which allows for larger currents, faster RC times, higher 
performance, and further miniaturization.
9, 10
   Cu also offered reduced susceptibility to 
electromigration failures, wherein applied electrical current causes diffusion-controlled 
displacement of the conducting metal leading to void formation and decreased performance.
11
  
Al was found to have diffusivity parameters orders of magnitude larger than Cu.
10
 
Cu implementation has its own physical and fabrication challenges.  Cu suffers from 
decreased stability against oxidation and corrosion.  Additionally, Cu is known to diffuse into 
oxides, such as the silicon oxide commonly used as the low k dielectric surrounding the metal 
interconnects.
7, 12
  Incorporation into the dielectric material causes void formation within 
interconnects, but also reduces the insulating nature of the dielectric further contributing to 
decreased performance.  Cu does not easily form gaseous species at room temperature making 
the removal and patterning of material by reactive ion etching difficult and requiring different 
processing than with dry-etching Al.
13
  Cu interconnects prevailed over these obstacles through 
the implementation of the Dual Damascene process. 
 
1.2.3 Damascene process 
 The Damascene process was established in the late 1990s as the primary Cu interconnect 
fabrication technique for ICs.
13-16
  Named after the artful inlaying of gold into weapons and 
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artifacts from the Damascus region, a conceptually similar result is achieved with the Damascene 
process wherein small Cu electrical connections are embedded throughout a solid dielectric 
material.   The Damascene process is an additive, step-wise technique requiring a variety of 
analytical tools and processes. 
First, an etch-stop material such as SiN or SiC is deposited onto the silicon wafer 
containing the transistors before depositing a low-k, silica-based dielectric material.
17
  
Photolithographic patterning of the interlayer dielectric is achieved via application of mask 
material before radiation.
13
  The exposed material is etched away revealing a patterned surface.  
The resulting features are typically on the order of tens of nanometers to microns.  Different 
feature shapes, mainly classified as trenches (extending horizontally) and vias (extending 
vertically), can be achieved with a single lithographic step hence the “Dual” moniker.
13
  Next a 
thin barrier layer, usually TiN or TaN is deposited via physical vapor deposition (PVD).
18
  The 
barrier layer acts to prevent Cu diffusion into the dielectric.  A Cu seed layer is then deposited 
via PVD on top of the barrier layer serving as an electrical substrate and cathode for Cu 
electrodeposition.   Electrodeposition is performed using a combination of electrolyte additives 
in order to properly fill the micro and nano structured Damascene features.
19
  Excess material is 
then removed via chemical mechanical planarization (CMP) leaving a surface with uniform 
height, but proper filling of features with Cu metal.
20, 21
  The next layer of dielectric is deposited 
and the process is repeated until the desired interconnect design is achieved.   
 
1.2.4 Cu electrodeposition with additives  
 Cu electrodeposition is employed to fill Damascene features because it is cheap, fast and 
produces high purity copper compared to PVD or CVD.
13, 19
  Achieving high purity Cu is 
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important during the annealing process when grain size increases and the number of grain 
boundaries decreases resulting in better electron conductivity and enhanced chemically 
stability.
13, 22
  PVD is used for the seed layer, but not for filling the bulk of the feature because of 
the propensity to form detrimental voids.
23
  The electrodeposition process in the presence of 
additives is of continued interest for achieving reliable deposits in unique architectures and 
realizing advanced packaging interconnects.   
  Cu electrodeposition is typically performed using a sulfuric acid electrolyte and copper 
sulfate salt as the source of Cu
2+
.  High concentrations of acid are used to achieve high 
conductivity of the electrolyte, while high concentrations of Cu
2+
 allow for large plating currents, 
industrially important for high throughput.
19, 23




 occurs at 0.34 V vs. 
standard hydrogen electrode (SHE) through two 1-electron reductions, thus the electrochemical 









 is rate limiting and after Cu
1+
 is formed close to the cathode surface it exists in 
a reversible equilibrium with Cu
0
 at the surface.
26
  
 A plethora of additives are used to modify the Cu reduction mechanism.  The most 
commonly used additive is Cl
-





adsorbs on Cu surfaces to influence the reduction mechanism and facilitate other organic 
additives interaction to the surface.  Even in small concentrations Cl
-
 fully decorates a Cu 
cathode surface.
27
  When Cl
-





 increases the rate at which Cu
2+
 reduces to Cu
1+
 and stabilizes the Cu
1+
 




 also promotes epitaxial 





Standard electrolyte with only Cl
-
 added would yield inadequate filling of Damascene 
feature due to the tight recesses and sharp corners of the features.
19
  The recesses would suffer 
from poor diffusion of Cu
2+
, while the corners would experience too much Cu
2+
 flux resulting in 
the deposit pinching at the feature opening and leaving unfilled voids in the feature body.  Even 
conformal filling causes seam formation which is just as detrimental as forming voids.  The 
nano-scaled features of Damascene patterned substrates require super-conformal growth to 
properly fill the feature without voids or seams.
19
  Ideal plating in this context involves a 
differential plating rate between the feature bottom and top surface.  The rate at the bottom of the 
feature should be larger than that at the surface or side walls such that bottom-up filling occurs 
before undesirable closure of the feature.  Organic additives are employed to adsorb on the Cu 
surface and modify the deposition mechanism in different sections of the feature.
13, 23, 29-31
  These 
additives can be categorized as suppressors, anti-suppressors (or accelerators), and levelers.  All 
three types of additives interact with the surface through the aid of adsorbed Cl
-
.   
Suppressors act to inhibit Cu deposition by physically blocking Cu
2+
 ions from reaching 
the cathode surface, therefore preventing reduction.
23, 32-35
  Suppressors are typically large alkyl-
ether polymers, such as poly(ethylene glycol) (PEG), ranging from 1,000 Da in molecular weight 
up to 20,000 depending on specific application.  It is suggested that PEG interacts as a blocking 
layer at the surface only in the presence of adsorbed Cl
-





 intermediate of Cu
2+




 bridge to which 
the oxygen atoms of the PEG ether units bind to create a suppression layer
36, 37
 or 2) the adsorbed 
Cl
-
 layer causes non-hydrogen bonded water in the solvent network near the surface, increasing 
the relative hydrophobicity of the surface enough to allow PEG co-adsorption.
38
  Either model 





Anti-suppressors, also known as accelerators work to enhance the overall rate of Cu
2+
 
reduction mostly through displacement of suppressors from the surface.
24, 30, 32, 39-41
  Bis-(sodium 
sulfopropyl)-disulfide (SPS) is ubiquitously used as an accelerator because of its unique duel 
functionality.  The disulfide bond of SPS dissociates upon interaction with a Cu surface, forming 
the monomer 3-mercapto-1-propanesulfonate (MPS).
42
  MPS adsorbs to Cu through the thiol 
moiety, whereas the sulfonate moiety extends towards the electrolyte.  The affinity of the thiol to 




 complex of suppressors, thus displacing the 
PEG layer.  The acceleration effect is in part due to the release of suppressor from the surface 
and part from enhancement of reduction kinetics by SPS.   The sulfonate moiety aids the de-
solvation of Cu
2+




 is also present.
43
  
Levelers are employed to smooth out rough deposits and inhibit deposition at the corners 
at the opening of Damascene features.
30, 44-46
  Similar to suppressors, levelers effectively inhibit 
Cu
2+
 reduction by adsorbing at the Cu surface.  However, in contrast to suppressors inhibitors are 
defined by their cationic functionality emanating from a nitrogen-containing chemical 





  Levelers are also important for deactivating SPS accelerator to avoid bump formation 
from large localized accelerator surface concentrations.
44, 47
  The cationic nitrogen moiety of a 
leveler ion-pairs with the SPS sulfonate group at the surface to disrupt the SPS mechanism.
44
   
The tailored chemistry and synergetic effect of these Cu electrodeposition electrolyte 
additives allow for effective super-conformal filling of Damascene features as explained by the 
Curvature Enhanced Accelerator Coverage (CEAC) model.
29, 32, 48
  The model explains that all 
types of additives initially adsorb to the surface upon introduction of electrolyte to substrate.  
When potential or current is applied to commence deposition, the rate of deposition is the same 
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in all regions of a Damascene feature: surface, side walls, and feature bottom.  However, the 
spatial confinement near the feature bottom transitions from square shape to a concave curvature 
resulting in a decrease of surface area.  Such phenomenon is not experienced at the surface or 
feature opening.  The decrease in surface area causes a competition of surface sites in the feature 
bottom.  The accelerator, having greater affinity to the surface than suppressors, wins out this 
competition and accumulates in the feature bottom.  The rate of deposition is then greater at the 
bottom than at the top of the feature resulting in a differential plating current and successful 
bottom-up, super-conformal filling.  A lack of surface area change on the feature surface or side 
walls allows suppressor to remain near the surface and inhibit deposition.  Levelers prevent the 
feature corners from closing off the via and prevent bump formation through accelerator 
deactivation. 
Complex chemical interactions among suppressors, accelerators, levelers and Cl
-
 at a Cu 
surface govern deposition process and end product reliability and performance.  Cu 
electrodeposition in the presence of additives continues to be investigated on the fundamental 
level due to this inherent complexity.  Determination of critical additive properties that dominate 
surface behavior and intermolecular interactions can lead to new insight in Cu electrodeposition 
for microelectronic applications.  Fundamental insight can inform development of new additives 
with enhanced properties for ultimate process control.  Continual Damascene development and 
more demand than ever before for microelectronics keep Cu-based technology and specifically 






1.3 Cu electrodeposition for advanced packaging applications 
As transistor sizes continue to shrink below the 10 nm node mark, Cu Damascene 
technology begins to reach its own physical limitations with Cobalt interconnect technology 
currently in development to take over.
2, 49, 50
  However, even with Co interconnects, 
miniaturization of the transistor is reaching its own physical limitations.
2, 5, 6
  In theory, a modern 
10 nm node would consist of only 50 silicon atoms across based on its atomic diameter.  As 
nodes fall below 10 nm, transistor miniaturization as a driving force for keeping pace with 
Moore’s Law may come to an end within the next decade. 
Alternative packaging designs and strategies present opportunities for continued 
performance advancements of microelectronics.  The “More than Moore” approach involves 3-
dimensional packaging of multiple chips together in the vertical direction
51
, a departure from the 
conventional 2-dimenisonal wire-bonded layout of microelectronic components on a circuit 
board.
52
  3-D packaging allows for more components in the same area to keep pace with Moore’s 
Law, but comes with its own set of challenges.  Chiefly, close vertical integration of components 
can lead to poor heat dissipation and requires carefully designed electrical connections similar in 
concept to Damascene features, but on a larger scale.
51
   
The industry has turned to Cu to help solve these technological challenges.  Efficient 3-D 
packages are achieved a number of ways including through silicon vias (TSVs), pillars and 
redistribution layers (RDLs).
53, 54
  The dimensions of these features are significantly larger than 
Damascene features, ranging on the order of microns instead of nanometers therefore dictating 
different considerations than Damascene features.  Nonetheless, efficient filling of such features 
via Cu electrodeposition is important for performance and stability.  These new 3-D packaging 
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applications for Cu electrical connections in the microelectronic fabrication process drive further 
development of Cu electrodeposition technology. 
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2.1 Intoduction 
Copper (Cu) electrodeposition is an efficient process for creating various metal 
connections within modern microelectronic devices.
1-3
  These connections include micron-sized 
connections in printed circuit boards
4, 5





 and advanced packaging appilcations such as redistrubtion layers and 
pillars.
10
  Continual miniatuization of these features while improving performance requires 
precise fabrication control achieved by the inclusion of additives in the standard sulfuric acid and 
copper sulfate electrolyte.
3
  Among these types of additives are suppressors, anti-suppressors or 
accelerators, and levelers. In addition to these additives, chloride (Cl
-
) is typically included 
because it plays a significant role in aiding the adsorption of the different additives, as well as 
stablizing the Cu(I) intermediate at the surface.
11
   
Common suppressors are large alkyl-ether polymers, such as poly(ethylene glycol) (PEG) 
or poly(propylene glycol) (PPG) that act on the wafer surface to prevent over-deposition, which 
is important for keeping trenches from closing too early in the deposition process, as well as 
16 
 
limiting the amount of excess material that must be removed in the proceeding chemical-
mechanical polishing step of the dual damascene process.
11
  While much work has been 
conducted on all types of additive, the suppressor additive behavior  is particularly studied.  







 have been employed to understand the suppressor additive behavior at the Cu 
surface during electrodeposition, both by itself and in the presence of other additives.  It is 
commonly thought that the PEG suppressor interacts with the copper surface through 
complexation of its oxygen atoms with Cu(I) stablized by adsorbed Cl
-





  PEG in the absence of Cl
-
 demonstrates very little suppression indicating that the 
surface bridge complex is essential.  PPG is another suppressor commonly used in Cu plating 
baths.  In contrast to PEG, PPG has been previously shown to 1) cause a more negative 
suppression potential; 2) reach surface saturation slower; and 3) be de-sorbed by SPS anti-
suppressor quicker.
12
  The origins of the difference in electrochemcial behavior between PEG 
and PPG is unknown, as are putative changes in the molecular conformation of either molecule 
going from the neat material, to solution, to the surface. 
 The physical properties of both PPG and PEG have been intensively studied.
19
  PEG in its 
pure form is a semi-crystalline solid material at ambient temperatures.  The polymer backbone is 
oriented in a very specific dihedral sequence in this state.  There are three main dihedrals in the 
repeat unit of PEG: C-O-C-C, O-C-C-O, and C-C-O-C.  In the solid state, these dihedrals are in a 
trans-gauche-trans sequence to form a helical structure, with a complete helix cycle measuring 
19.3 angstroms.
19, 20
  PPG on the other hand, is a liquid at ambient temperature and posesses a 
much less defined structure in this pure form.  Vibrational spectra of both molecules has also 
been the focus of substantial work.  The C-H stretching region (2800-3000 cm
-1
) and the C-H 
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bending region (1400-1500 cm
-1
) exhibit characteristic patterns, the analysis of which can inform 
understanding of molculear conformation.
21
     
 This work examines PEG and PPG using Raman spectroscopy and surface enhanced 
Raman spectroscopy (SERS) in order to evaluate conformational changes in the polymers at the 
surface during Cu electrodeposition.  Along with complementary electrochemical quartz crystal 
microbalance (QCM) gravitometric measurements, we provide insight into the orgin of the 
different behaviors exhibited by these polymers during Cu deposition. 
 
2.2 Experimental details 
Bulk Raman and 50% solution spectra were prepared from poly(ethylene glycol) 
dimethyl ether (PEG, ave. Mn ~ 2000, Aldrich) or poly(propylene glycol) (PPG, average Mn ~ 
2000) and 18.2 MΩ·cm Milli-Q purified H2O (Millipore).  Materials were contained within 
scintillation vials for these measurements. 
Solutions for SERS were prepared by combining the following in Milli-Q water:  50 g/L 
(0.510 M) H2SO4 (Ultrex II ultrapure reagent, J.T. Baker), 1 g/L (0.015 M) Cu
2+
 from 
CuSO4•5H2O (99.999% trace metals basis, Aldrich), 50 ppm (1.37 mM) Cl
- 
from HCl (Ultrex II 
ultrapure reagent, J. T. Baker), and 100 ppm of suppression molecule (PEG or PPG).  Solutions 
were degassed with Ar for at least 30 min. before use.  A glass/Kel-F spectroelectrochemical cell 
described previously was used for all SERS measurements.
22
  Electrochemical experiments were 
conducted with a CHI760 potentiostat (CH Instruments). 
 A polycrystalline Cu disk (approx. 9.7 mm in diameter) was used as the working 
electrode, which was manually polished using 9, 3, 1 and 0.25 µm diamond suspensions (MetaDi 
Supreme, Beuhler) and thoroughly rinsed and sonicated after each polishing step.  The electrode 
surface was roughened in 0.1 M KCl by multiple oxidation-reduction cycles from -1.0 V to +0.4 
18 
 
V vs. a copper counter/reference electrode at 100 mV/s followed by a 10 sec hold at -1.0 V.  The 
electrode was removed under potential control during the last cathodic hold and immediately 
rinsed with Milli-Q water.  The counter electrode for SERS measurements was a Cu wire, and 
the reference electrode was a “no leak” Ag/AgCl electrode (3 M KCl, eDAQ).  All potentials in 
this work are reported relative to Ag/AgCl.  Spectra were obtained at a constant potential of -0.2 
V for 30 sec following an anodic pulse at 70 mA/cm
2
 for 4 milliseconds.  
 Raman spectroscopy was conducted with a 632.8 nm He-Ne laser (Meredith Instruments) 
operating at 58 mW, using a spectrometer and setup described previously.
23
  Raman spectra were 
obtained at room temperature (292 K), except for the PEG melting experiment (292-335 K).  
Temperature control for the PEG melting experiment was achieved with a Brisk Heat heating 
tape (120 V, 144 W) and thermocouple monitor.  Typical spectral resolution is 3-5 cm
-1
. 
The Raman spectra of PEG and PPG molecules in different conformations were 
calculated using Turbomole software version 7.0. All electronic structure calculations were 
performed at the DFT level employing the B3LYP functional in combination with a def2-TVP 
basis set. In order to obtain the Raman scattering activity, the geometries were optimized and 














                                                    (1) 
where  is the polarizability, Q is the normal coordinate,   is the anisotropy of the 
polarizability, ′ is the mean polarizability derivative, and ′  is the anisotropy of the 
polarizability tensor derivative. Polarizability derivatives have been calculated using a 
wavelength of 633 nm. The discrete Raman intensities were convoluted by a Gaussian function 
with FWHM of 20 cm
-1
 to mimic the experimental line broadening. 
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 QCM measurements were performed using a Maxtek RQCM instrument, corresponding 
software and teflon crystal holder, as described previously.
24
  Au-coated sensing crystals were 
purchased from INFICON (2.54 cm dia., 5 MHz, AT-cut, chromium adhesion layer under gold).  
Measurements were conducted at constant temperature (30ᵒ C) using a water circulator feeding a 
jacketed electrochemical cell.  Argon was bubbled into the electrolyte to remove dissolved 
oxygen gas and then passed over the surface of the electrolyte during measurements to maintain 
an inert atmosphere.  The Au-coated crystals were used as the working electrode, a Cu wire 
served as the counter, and a Ag/AgCl electrode was used as the reference.  Cyclic voltammetry 
was conducted from 0.39 V to 0.02 V at 5 mV/s, beginning with the cathodic scan.  Gravimetric 
measurements were collected simultaneous with the cyclic voltammetry.  The change in 




                   
                                                       (2) 
where Δƒ is the measured resonant frequency change (Hz), ƒ is the intrinsic crystal frequency, 
∆m is the mass change, ρq is the density of quartz (2.65 g/cm
3





) and A is the electrode area.  Cƒ was determined to be 59.1 cm
2
/g by measuring 
the frequency change during Ag deposition from a solution of 0.1 M KNO3 and 1 mM AgNO3.
24
 
This value is close to the supplied instrument parameter of 56.6 cm
2
/g.  The largest change in 
crystal resistance during experiments was 4 , corresponding to a 1.4% change, a value of which 
is within the limits of the assumptions of the Sauerbray equation.
26
    The base electrolyte was 
comprised of 0.1 M H2SO4 and 0.01 M CuSO4, with 50 ppm Cl
-
 and 100 ppm suppressor (PEG 




2.3 Results and discussion 
2.3.1 PEG Raman and SERS: CH stretching and bending regions 
Figure 2.1 reports Raman spectra of PEG obtained in the C-H stretching region (2.1a) and 
C-H bending region (2.1b) in three different environments: solid, in solution and on the surface.   
Both the normal Raman spectrum of the neat PEG and the normal Raman of the 50% solution of 
PEG in water are consistent with those reported previously.
18, 27-31
   
Four peaks are observed in this spectral region.  Generally, peaks in this region are 
assigned to symmetric and anti-symmetric CH2 stretches.  Indeed peak 2 (2885 cm
-1
) and 4 (2940 
cm
-1
) are assigned to νs(CH2) and νa(CH2), respectively.
32-34
  Peak 1 (2840 cm
-1
) and the intensity 
at lower wavenumbers is assigned to combination modes from the bending region
33-35
. 
Previously studied PEGs may not always contain methyl (CH3) end groups, but they are 
part of the material used in the present work.  However, PEG with and without methyl end 
groups gives the same Raman spectrum in solid and solution (data not shown); hence no specific 
peaks are assigned to methyl end groups. 
Peak 3 only appears with significant intensity in the solution spectrum.  The origin of this 
band is unclear in the literature.  A series of solutions containing from 10% - 40% PEG was 
investigated with Raman spectroscopy and presented in Figure 2.2.  The spectra show the highest 
relative intensity persists in peak 3.  Additionally, the spectrum obtained in 50 g/L H2SO4 + 1 
g/L CuSO4 + 50 ppm Cl
-
 was identical with that obtained in H2O alone.  PEG solutions in other 
non-polar solvents were also interrogated seen in Figure 2.3.  PEG in chloroform and PEG in 
acetonitrile both gave Raman spectra more similar to that of the solid than that of the PEG in 
water solution, with a significant lack of intensity in the region that contains peak 3.
36
  A similar 
trend is observed in ATR-IR spectra comparing spectra obtained from an aqueous solution of 
PEG to those obtained in less polar solvents.  ATR-IR spectra of solid PEG and solutions of 50% 
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PEG in deuterated water (D2O), deuterated methanol (d3MeOD), and deuterated acetonitrile 
(d4MeCN) are displayed in Figure 2.4.  These spectra agree well with the Raman data presented 
in Figure 2.3 for the solid and solution forms of PEG, as well as with previously reported 
literature.  The solid PEG demonstrates the most intensity at 2884 cm
-1
 which is assigned to the 
νs(CH2) mode.  In D2O solution, the greatest intensity is found at 2920 cm
-1
, in between the two 
fundamental CH stretch modes, consistent with the Raman results. Additionally, PEG in less 
polar solvents such as deuterated acetonitrile and methanol produces spectra more closely 
aligned with that of the solid, again consistent with the Raman data reported in Figure 2.3.  This 
suggests that the PEG in water spectrum is significantly influenced by hydrogen bonding 
interactions between the water protons and the ether oxygen units in the PEG backbones.  
Hydrogen bonds are known to form between water and PEG.
37-39
 
Consequently, peak 3 is assigned to a PEG CH2 stretch mode affected by solvent 
interactions.  It may also be due to a Fermi resonance.  The mode cannot be assigned to a CH3-
based mode from an end group, as both methyl terminated and hydroxyl terminated PEGs give 
identical spectra.  Overtone modes are additionally limited to the lower end of the CH stretch 
region (< 2850 cm
-1
).   Calculations (vide infra) show that this region does not possess any 
vibrational intensity.   It is unclear whether the intensity in peak 3 is the result of the νs(CH2) 
shifting up or the νa(CH2) shifting down upon interaction with water.   
Figure 2.1a also reports the SERS obtained from a 100 ppm solution of PEG + 1g/L 
CuSO4 + 50 ppm Cl
-
 in 50 g/L H2SO4 aqueous solution at a Cu electrode at a potential of -0.2 V.  
Spectra obtained at potentials between -0.10 and -0.35 V were essentially identical, with similar 
intensity an shape throughout the potential sweep, as seen in Figure 2.5.  The SER spectrum 
reported is qualitatively similar to that found from both neat PEG and the 50% PEG solution and 
22 
 
is also qualitatively consistent with prior reports, both in our group
17
 and others who have used 
SERS to investigate PEG adsorption in copper deposition electrolytes and processes.
18, 27-29
 
In the C-H stretch region, the spectra generally exhibit a trend where intensity moves to 
higher energy going from neat PEG, to the PEG solution, to SERS obtained from PEG on a Cu 
electrode.  This shift is essentially a manifestation of more intensity in peak 4, associated with 
the νa(CH2), and less intensity in peak 2, associated with the νs(CH2). 
Figure 2.1b reports the Raman and SERS obtained in the CH bending region.  The 
spectrum shows the presence of four bands, the assignments of which have been previously 
reported.
19
  The four vibrational modes (peaks 5-8) in the solid spectrum are assigned to different 
symmetry forms of the CH2 bending modes present.  In solution, two of these modes are no 
longer present which can be attributed to a lack of crystal splitting in the aqueous environment.  
Additionally, the lower wavenumber mode, peak 5, has slightly increased intensity in solution.  
Peak 5 increases even more in the spectrum of PEG at the Cu SERS electrode also shown in 
Figure 1b, and now possesses greater intensity than peak 6 at higher wavenumber. 
 
2.3.2 PEG Raman: Melting process 
In order to investigate changes in the PEG Raman spectrum without complications from 
the solvent, the Raman spectra of neat PEG both above and below the PEG melting temperature 
were obtained.  Figure 2.6a shows the Raman spectra for the CH stretching region of PEG at 
different temperatures, from 292 K to 335 K.  Although the melting temperature of PEG, Mw = 
2,000, is 315-329 K, there are significant changes observed in the spectra between 305 K and 
310 K.  It is common for polymers and other large molecules such as phospholipids to undergo a 
23 
 
pre-melting event before the melting temperature threshold.
40
  The melting process of PEG has 
been studied by Raman spectroscopy before and agrees with our spectra.
32
   
The CH stretching region of PEG during the melting process is highlighted by a few 
distinct spectral changes.  First, the νs(CH2) shifts down from 2889 cm
-1
 to 2875 cm
-1
, while 
maintaining the greatest relative intensity.  Additionally, νa(CH2) does not shift in wavenumber, 
but drastically increases in intensity.  Interestingly, the region between the two fundamental 
modes does not change intensity or shift wavenumber.  This is distinctly different from the 
solution spectrum, thus further supporting the suggestion that peak 3 is caused by solvent 
interactions. 
The extra thermal energy in the melted PEG allows C-O bonds to rotate about their axes 
from the lower energy trans state to the higher energy gauche state, thus causing more gauche 
conformations (TGG or GGG). The C-C dihedral is not expected to change as much as the C-O 
dihedral during heating/melting.
32
  The increase in intensity of the νa(CH2) in the melting 
experiment is reminiscent of the changes occurring to PEG in both solution and in SERS 
obtained from the surface. This similarity suggests the increase in the νa(CH2) is also due to 
increased gauche characteristic of the polymer chain.  The CH bending region, shown in Figure 
2b, in the melting experiment follows a similar pattern as in the environment-dependent 
experiment, wherein peak 5 has increased intensity at higher temperature.  This similarity also 
supports the idea that there is more gauche characteristic in both experiments at higher 






2.3.3 PPG Raman and SERS: CH stretching and bending regions 
A similar environment-dependent study was conducted for PPG, as it is used similarly to 
PEG for Cu electrodeposition suppression, but is significantly different than PEG in terms of 
hydrophobicity.
41
  Figure 2.7 shows the (2.7a) CH stretching and (2.7b) CH bending region of 
the Raman spectrum for PPG as a pure material, in an aqueous suspension and at a Cu SERS 
electrode surface.  PPG as a pure material is a liquid at room temperature, opposed to PEG which 
is a solid.  Qualitatively, there are three main peaks (9-11) in the CH stretching region, occurring 




, and 2970 cm
-1
.  These modes are assigned to νs(CH2), νa(CH2), and 
ν(CH3), respectively.  The Raman spectrum of neat PPG agrees with a previously reported 
spectrum.
42
  PPG is sparingly soluble in water, as it is hydrophobic.
41
  A 25% suspension of PPG 
in water yields a cloudy mixture.  The Raman obtained from this suspension (Figure 2.7a) is little 
changed relative to the Raman spectrum of the pure material.  However, there is some increased 
intensity in the highest wavenumber mode at 2970 cm
-1
, peak 11.  The PPG SER spectrum 
exhibits even more increased relative intensity in peak 11 and decreased intensity in peak 9, the 
lowest wavenumber mode at 2870 cm
-1
.  The CH bending region for PPG (Figure 3b) exhibits 
little change between the three environments considered here, and only one dominant mode is 
present, peak 12. 
Relative to PEG, PPG exhibits less spectral change between the three environments 
considered here.  PPG (Mw = 2,000) is sparingly soluble in water with a solubility of 250 mg/L, 
leading to less spectral change between the Raman spectrum obtained from the pure material and 
that obtained from the PPG suspension.
43
  In contrast, the Raman spectrum obtained from PEG 
changes substantially upon dissolution, with new intensity in mode 3, likely associated with H-
bonding interactions between PEG molecules and water in solution.  SERS obtained from PPG 
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shows no change in the CH bending relative to neat PPG, while substantial new intensity at 
lower wavenumbers is found in the PEG SERS, mimicking to some extent the spectrum obtained 
from melted PEG.  Finally, in the CH stretch region, SERS collected from PEG on an electrode 
surface exhibits substantially increased intensity at higher wavenumbers, while this effect is 
somewhat less pronounced in PPG. 
 
2.3.4 Calculated Raman spectra 
Figure 2.8 shows calculated Raman spectra of PEG and PPG molecules of varying 
conformation. Calculations of polymers with chain length used in the experiment are 
computationally not feasible with the level of theory employed in this work. Therefore, in order 
to model the experimental data, we used molecules containing five monomer units with methyl 
end groups.  This size allowed capture of the qualitative trends of the experimental spectra while 
still enabling analysis of the 3N-6 normal modes in detail. 
In this model, the ratio of end cap methyl groups to ether units is 2:5 for the molecules 
used in calculations, while this ratio is 2:45 for the PEG and 2:34 for the PPG used in 
experiments.  Therefore, the presence of end cap CH3 modes is much more substantial in the 
calculated spectra compared to the experimental spectra.  Calculations were performed 
examining the effect of incorporating more gauche character into the C-O-C-C dihedrals of the 
PEG chain.  This correlates to adjusting the C-O-C-C dihedral sequence from all-trans (TTTT) 
to alternating gauche-trans (GTGT) to all-gauche (GGGG).  The other dihedral (O-C-C-O) was 
changed from GGGG in the all-trans model to TTTT in the alternating gauche-trans and all 
gauche models.  The full OCCO-COCC dihedral sequences ranging from least gauche character 
to most gauche character of the C-O-C-C sequence are therefore GGGG-TTTT, TTTT-GTGT, 
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TTTT-GGGG.  For simplicity, the conformations will be referred to by the C-O-C-C dihedral 
sequence.  The same changes were calculated for PPG. 
 Figure 2.8a shows the CH stretch region of the calculated Raman spectra for PEG for the 
three different dihedral conformations considered.  Clear changes are seen in the CH stretching 
region of the calculated Raman spectrum of PEG with changing conformation.  First, a coupled 
νs(CH2) and νs(CH3) mode at 2850 cm
-1
 decreases in intensity and blue shifts moving from TTTT 
to GGGG to 2865 cm
-1
.  Additionally, a coupled νs(CH2) and νa(CH2) mode at 2900 cm
-1
 -- seen 
as a shoulder in the TTTT (helix) model -- increases in intensity and eventually becomes an 
independently resolved peak in the GGGG model.  Additionally, a νa(CH2) peak grows in and 
shifts from 2960 cm
-1
 to 2965 cm
-1
 as more gauche character is present in the GTGT and GGGG 
models.  
 The most significant difference between the calculated spectra and experimental 
measurements in the CH stretching region is between 2900 cm
-1
 and 2940 cm
-1
.  The 
experimental spectra, most specifically the 50% PEG aqueous solution, exhibit substantial 
intensity at 2917 cm
-1
, whereas no intensity is calculated in this region.   Experimentally, this 
intensity is associated with the presence of an H-donor solvent, suggesting that H-bonds to PEG 
are responsible for the experimentally observed intensity.  Other effects, such as Fermi 
resonances or overtones also cannot be strictly ruled out, and are beyond the scope of the 
calculations. 
The calculated Raman spectra for PEG show an overall trend in the CH stretching region 
of increased intensity in higher wavenumber modes with increasing gauche character, 
complemented by blue shifts of CH2 stretch modes.  This behavior is in agreement with the 
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experimental data and suggests the presence of more gauche character in the PEG, particularly as 
it associates with the electrode surface. 
Figure 2.8b displays the calculated Raman spectra for the different conformations of PEG 
in the CH bending region.  The lower energy mode shifts from 1420 cm
-1
 in the TTTT 
conformation to 1440 cm
-1
 in the GGGG conformation.  The higher wavenumber mode increases 
in wavenumber from 1460 cm
-1
 to 1470 cm
-1
, from the TTTT conformation to the GGGG 
conformation, respectively.  Despite these shifts, it is clear that the lower wavenumber mode 
increases in intensity relative to the higher wavenumber mode with increasing gauche character. 
This is consistent with the experimental CH bending data collected for PEG displayed in Figure 
2.1b.  This suggests good agreement between the two methods and gives confidence to the 
calculations. A deeper investigation into the origin of the frequency shifts would involve a 
careful analysis of the change in effective masses and the topology of the potential energy 
surface. This, however, is beyond the scope of this work.  
 Figure 2.8c displays the calculated Raman spectra for PPG, demonstrating changes with 
different C-O-C-C dihedral conformations.  The νs(CH2) intensity decreases with increasing 
gauche character, while red shifting from 2860 cm
-1
 to 2845 cm
-1
.  A coupled νs(CH2) and 
νa(CH2) mode at 2870 cm
-1
 is present, but not resolved until the all-gauche conformation upon 
which it exhibits significant intensity.  A coupled νa(CH2) and νs(CH3) mode gains intensity with 
increased gauche character, as well as blue shifts from 2915 cm
-1
 to 2920 cm
-1
.  A νa(CH2) and 
νa(CH3) coupled mode at 2980 cm
-1
 slightly decreases in intensity with a small blue shift to 2985 
cm
-1






 Figure 2.8d shows the calculated Raman spectra for the PPG CH bending region, which 
slightly change with changing conformation.  There is a small decrease in intensity in the lower 
wavenumber mode from the TTTT conformation to the GGGG conformation, with a small red 
shift from 1440 cm
-1
 to 1436 cm
-1
, respectively.  Additionally, there is an emergence of a higher 
wavenumber mode at 1470 cm
-1
 in the GTGT and GGGG conformation calculated spectra.   This 
implies the intensity lost in the lower wavenumber mode is gained in the higher wavenumber 
mode as more gauche character is included in the molecule.  This differs from the experimental 
data which shows no significant intensity changes or wavenumber shifting across the different 
environments. 
In the CH stretching region, the calculated Raman spectra more closely resemble the 
experimental data for PPG than for the PEG case.  There is no lack of intensity in the calculated 
PPG spectra compared to the experimental data, unlike the PEG situation.  There are three 
dominant peaks in the CH stretching region in both the calculations and the experimental 
measurements.  As mentioned previously, the lack of intensity in the middle of the PEG spectra 
is most likely due to solvent interactions between water and PEG.  PPG is much less hydrophilic 
and soluble in water; therefore, there are less expected solvent interactions.  The lack of 
discrepancy between the calculated spectra and measured spectra could be explained by the lack 
of solvent interactions.  Additionally, there is a clear trend in the calculated PPG spectra of 
intensity moving to higher wavenumber modes, as well as blue shifting behavior with more 
gauche character.  This is also in agreement with the experimental results.  It is important to note 
that this trend is present in both the PEG and PPG results, but more significant in the PEG case.  
Again, the unique hydrophilic properties of PEG compared to PPG most likely play a substantial 
role in this behavior. 
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In conclusion, Raman and SER spectroscopy results demonstrate PEG and PPG exhibit 
conformation changes as a function of environment.  Calculated Raman spectra suggest that 
surface confined molecules exhibit increasing gauche character.  PEG appears to change more 
drastically from pure material to solution to surface, most likely due to its ability to interact with 
solvent water molecules, whereas PPG less so.  The difference in hydrophilicity/hydrophobicity 
between PEG and PPG could explain such conformational behavior.   
 
2.3.5 PEG and PPG QCM 
Figures 2.9 and 2.10 show cyclic voltammetry and corresponding QCM measurements 
for base electrolyte (0.01 M Cu
2+
 and 0.1 M H2SO4) containing no additives, base electrolyte 
containing 100 ppm suppressor additive (PEG or PPG), and base electrolyte containing 100 ppm 
suppressor additive (PEG or PPG) and 50 ppm Cl
-
 together.   The top plots of the figures [(a) and 
(b)] depict the cyclic voltammogram and the bottom plot of the graphs [(c) and (d)] show the 
mass changes per unit area on the surface throughout the potential sweep.  The left sides of the 
figures [(a) and (c)] show the complete ranges, while the right sides of the figures [(b) and (d)] 
show magnified areas of the data for clarity.  Table 2.1 summarizes the surface mass density 
values for both PEG and PPG experiments.  Figure 2.11 shows the crystal resistance as a 
function of potential for the cyclic voltammetry applied during QCM measurements.  Figure 2.12 
shows the data used to calculate Cf. 
The cyclic voltammetry in Figure 2.9a shows bulk deposition of Cu occurs at 0.05 V for 
the base electrolyte with no additives.  When only PEG is added to the base electrolyte, Cu 
deposits at the same onset potential with a similar current density.  This indicates that PEG 
without Cl
-
 does not suppress Cu deposition, as expected.
14, 44
  Upon the addition of Cl
-
, there is a 
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small cathodic shift of bulk Cu deposition to 0.045 V and significantly less current density 
indicating suppression is achieved, as expected based on the commonly accepted model for PEG 
adsorption wherein PEG depends on the Cu-Cl bridge complex to interact with the surface.
3, 17
 
 The QCM data in Figure 2.9c shows the corresponding mass density changes at the 
surface of the Au-coated QCM crystal during the applied electrochemistry.  The electrolyte 
without additives and that with only PEG added give similar mass behavior.  The maximum 
mass achieved for the electrolyte without additives is 3.50 g/cm
2
, whereas the electrolyte with 
only PEG added gives a value of 3.67 g/cm
2
.  This difference is most likely due to slightly 
different maximum current densities achieved at the lowest cathodic potential.  Most notably, the 
electrolyte with both Cl
-
 and PEG added gives a maximum mass density of only 1.29 g/cm
2
.  
The smaller maximum mass density value indicates less copper mass is deposited and 
suppression is achieved with both Cl
-
 and PEG present. 
Figures 2.9b and 2.9d are highlighted regions of Figures 2.9a and 2.9c, respectively, 
focusing on the underpotential deposition (UPD) region of the potential scans.  The 
electrochemistry in the UPD region for electrolyte without additives shows characteristic UPD 
peaks of Cu on Au (polycrystalline) are present at 0.30 V and 0.12 V in the cathodic scan.
45
  The 
UPD peaks are retained in the electrolyte with only PEG added, but the first peak is shifted 
cathodically to 0.25 V and the lower second peak is slightly diminished, possibly due to PEG 
interference.  The electrochemistry for the electrolyte with both Cl
-
 and PEG added show the first 





Figure 2.9d shows the enhanced corresponding QCM data for the different electrolytes.  
Increased surface mass density is seen at ca. 0.30 V for the additive-free electrolyte and 0.25 V 





 and PEG occurs at ca. 0.33 V.  All instances correspond to the respective UPD features 
in the voltammetry.  0.1 V of the cathodic scan will be used as a reference point for discussing 
surface mass density values, because it is just negative of the second UPD peak at 0.12 V where 
the surface structure is presumed stable and before bulk deposition begins at 0.05 V.
46
  At this 
potential, the electrolyte without additives and that with only PEG added give mass density 
values of 0.246 g/cm
2
 and 0.205 g/cm
2
, respectively.  Electrolyte with only PEG added 
consistently yields a lower surface mass density value at 0.1 V than that of electrolyte without 
additives, again possibly due to PEG interference, but with no additional observed surface mass. 
Prior literature on the surface mass density obtained without additives reports a somewhat 
lower mass density (0.159 g/cm
2
) than that obtained here.
48, 49
  The data in these reports was 
collected using electrolyte with 5 mM Cu
2+
 and 0.05 M SO4
2-
, concentrations lower than those 
used here.  In order to evaluate the effect of the higher concentration of acid and Cu, we 




 concentrations and same 10 mV/s scan 
rate, and obtained a surface mass density value of 0.148 g/cm
2
 , similar to that previously 
reported.  The data is reported in Figure 2.13.  We suggest that the larger mass density values 
reported from the higher concentration solution may possibly be a result of additional Cu 





The surface mass density obtained at 0.1 V for electrolyte with Cl
-
 and PEG is 0.336 
g/cm
2
.  Electrolyte with only Cl
-
 added and no PEG present yielded a surface mass density of 
0.215 g/cm
2
 at 0.1 V, as seen in Figure 2.14.  Thus, the additional mass from the Cl
-
 and PEG-
containing electrolyte is likely due to PEG adsorption on the surface. 
 Figure 2.10 shows the cyclic voltammetry and QCM data obtained for electrolyte without 
additives, that with 100 ppm PPG added, and that with 50 ppm Cl
-
 and 100 ppm PPG added.  
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The bulk Cu deposition potential in electrolyte with only PPG added occurs at 0.05 V (Figure 
2.10a) and exhibits a current density similar to that of additive-free electrolyte, indicating that 
PPG alone does not inhibit bulk Cu deposition.  Results obtained from electrolyte with both Cl
-
 
and PPG show a cathodically shifted bulk Cu deposition onset potential of 0.035 V, accompanied 
by a decrease in current density.  The cathodic shift in Cu deposition onset potential due to PPG 
suppression is larger than that due to PEG  suppression (15 mV vs. 5 mV), consistent with prior 
reports.
12
  PPG, in the presence of Cl
-
, is thought to interact with a Cu surface during deposition 
in a similar manner as PEG, through a Cu-Cl bridge complex.
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 Figure 2.10c shows the full scale QCM data obtained from the three electrolyte 
compositions.  The maximum surface mass densities achieved in electrolyte without additives 
and that with only PPG added are 3.98 µg/cm
2
 and 3.91 µg/cm
2
, respectively, whereas the 
maximum surface mass density for electrolyte with Cl
-
 and PPG added is only 0.89 µg/cm
2
.  The 
smaller surface mass density value indicates successful suppression of bulk Cu deposition when 
both Cl
-
 and PPG are present, similar to the Cl
-
 and PEG case. 
 Figures 2.10b and 2.10d highlight the UPD region of the electrochemistry and QCM data 
for the PPG related experiments, respectively.  In Figure 2.10b, the cathodic potential scan of 
electrolyte without additives demonstrates the characteristic Cu on Au UPD peaks at 0.27 V and 
0.12 V, similar to the PEG related experiments and literature.
45, 46
  The results obtained from 
electrolyte with only PPG added show the first UPD peak cathodically shifted to 0.25 V and the 
second peak diminished in intensity.  Additionally, the UPD in the anodic scan of the electrolyte 
with only PPG added is cathodically shifted to 0.30 V compared to that obtained from the 
electrolyte without additives which occurs at 0.33 V.  The shifts in the UPD peak potentials in 
both the cathodic and anodic scans indicate that PPG possibly interacts with the surface and 
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affects the surface structure of monolayer Cu formed in the UPD region.  The UPD peak in the 
cathodic potential scan of electrolyte with both Cl
-






 Figure 2.10d shows QCM results obtained from the PPG related electrolytes.  The initial 
increase in surface mass density for the electrolyte without additives occurs at ca. 0.27 V, 
concurrent with the first UPD peak in the potential scan, resulting in a surface mass density of 
0.227 µg/cm
2
 at 0.1 V, a similar value for the electrolyte without additive trial for the PEG-
related experiment (0.246 µg/cm
2
).  These values are represented as an average in Table 2.1.  
The surface mass density measured for electrolyte with only PPG added increases at 0.25 V in 
the potential scan, but to a much larger value, eventually reaching 0.413 µg/cm
2
 at 0.1 V of the 
cathodic scan.  The surface mass density at 0.1 V obtained from only PPG containing electrolyte 
is much larger than that obtained from only PEG containing electrolyte (0.205 µg/cm
2
) 
indicating that PPG associates with a Cu surface without the presence of Cl
-
.   
 Despite the apparent increase in mass in the presence of PPG without Cl
-
, there is no 
effect on either the bulk Cu deposition onset potential or the current density.  The anodic scan 
also features additional surface mass density attributed to PPG interaction.  A large decrease in 
surface mass density associated with bulk Cu stripping is observed at 0.14 V in the anodic scan 
of Figure 2.10d.  Shortly thereafter in the anodic scan, there is an anomalous increase in surface 
mass density beginning at 0.20 V before a final decrease at 0.30 V.  The increased mass is 
associated with the more anodic UPD peak and is nearly identical with that associated with UPD 
on the cathodic scan.  We suggest that stripping of the bulk Cu leaves a surface that is free of 
UPD Cu, possibly due to PPG decoration.  As the potential is scanned more positive, anions and 
UPD Cu displace the PPG, leading to the UPD-related mass density.  This surface mass density 
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is removed as the potential is made even more positive. Scan rate-dependent QCM 
measurements seen in Figure 2.15, which could report on a competition between PPG and Cu(I) 
related species, did not yield significant changes in the mass values when scan rates between 5 
mV/s and 20 mV/s were tested.   
The initial surface mass density increase in the potential scan for electrolyte with both Cl
-
 
and PPG begins at ca. 0.32 V and reaches 0.598 µg/cm
2
 at 0.1 V.  The electrolytes containing Cl
-
 
and suppressor (PEG or PPG) produce the largest surface mass densities at 0.1 V for their 
respective experiments; however, the surface mass density achieved for electrolyte containing Cl
-
 
and PPG gives almost twice that of electrolyte with Cl
-
 and PEG (0.336 µg/cm
2
), suggesting 
much more PPG interacts at the surface than PEG. 
Table 2.1 summarizes the experimental surface mass densities at 0.1 V in the cathodic 
scan for the six different QCM plots shown in Figures 2.9 and 2.10.  The table shows that PPG 
addition to CuSO4/H2SO4/Cl
-
 electrolyte gives a surface mass density of 0.598 µg/cm
2
 while 
PEG addition to CuSO4/H2SO4/Cl
-
 gives a value of 0.336 µg/cm
2
.  Prior work shows that PEG 





   Using this same protocol, we calculate that PPG alone would give a mass 
density of 0.192 µg/cm
2
.  Experimentally, PPG leads to substantially increased mass on the 
surface relative to PEG, compared to these calculated surface layers of each suppressor.  This 
increased mass cannot be explained by increased Cu or other components, and must reflect 
increased PPG associated with the electrode surface.  The origin of this increased PPG 
association likely resides in the increased hydrophobicity of the PPG molecule, which makes it 
more likely to associate with the electrode and less likely to remain in solution.  PPG is expected 
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to be dense and closely packed in aqueous environment, whereas PEG has the ability to interact 





The insight from the QCM measurement is consistent with that from the spectroscopy. In 
particular the conformation of PPG as a suspension in solution and the conformation of PPG on a 
Cu surface are more similar to each other than the conformations of PEG between those two 
environments.  The PPG molecules are likely compact in aqueous solution due to their 
hydrophobicity. Consequently, the small change in conformation as determined by the 
spectroscopy upon interacting at a Cu surface suggests that PPG is still compact at the surface.  
This compact state is reflected in the QCM results.  On the other hand the PEG conformation 
changes considerably more on going from solution to a Cu surface, resulting in a less dense 
surface layer relative to PPG measured by QCM. This observation suggests PPG more readily 
associates with the surface, maintaining it’s gauche/trans conformation, while PEG changes 
conformation while interacting at the surface. 
In conclusion, PPG interacts with a Cu UPD layer on Au absent Cl
-
, whereas PEG does 
not.  Figure 2.16 depicts the difference between the Cl
-
 mediated PEG interaction and the direct 
surface/hydrophobic interaction of PPG.  In the presence of Cl
-
, more surface mass density is 
achieved with electrolyte containing PPG than with PEG, suggesting PPG forms a denser surface 
layer, forms multiple layers, or both.  The unique ability of PPG to associate with the electrode in 
the absence of Cl
-
, while not inhibiting Cu electrodeposition, suggests that this PPG association 
is weak.  The increased facility of PPG to form layers on the electrode relative to PEG is likely 
again a consequence of the increased hydrophobicity of the PPG molecule.  Understanding the 
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role hydrophilicity/hydrophobicity plays in suppressor behavior is imperative to developing 
advanced, high-performance suppressors.  This work indicates that combining hydrophilic and 
hydrophobic components together in suppressor molecules allows tuning of adsorption behavior, 
leading to enhanced interfacial control during copper electrodeposition.  
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2.6 Figures and table 
 
Figure 2.1 Normal Raman spectrum of neat PEG (black), normal Raman spectrum of a 50% 
PEG in H2O (red), and in situ SERS of PEG at a Cu surface at -0.2 V vs. Ag/AgCl (blue) for the 






Figure 2.2 Baseline subtracted and normalized Raman spectra obtained from PEG in water 





Figure 2.3 Effect of solvent interactions on PEG Raman spectrum in the CH stretching region.  
Solvents investigated include water, chloroform, deuterated methanol, and deuterated 
acetonitrile.  Deuterated solvents were used to avoid convolution of PEG C-H bond related peaks 







Figure 2.4 ATR-IR spectra of PEG as a solid, and in 50% solutions in deuterium oxide, 
deuterated acetonitrile, and deuterated methanol solvents. The spectra have been corrected by 





Figure 2.5 SER spectra obtained from a roughened Cu electrode of electrolyte containing 50 
g/L, 1 g/L Cu
2+
, 50 ppm, and 100 ppm of suppression molecule (PEG or PPG).  Potential was 







Figure 2.6 Normal Raman spectra of neat PEG heated from 292-335 K for the (a) C-H stretching 
and (b) C-H bending region. 
 
Figure 2.7 Normal Raman spectrum of neat PPG (black), normal Raman spectrum of a 50% 
PPG in H2O (red), and in situ SERS of PPG at a Cu surface at -0.2 V vs. Ag/AgCl (blue) for the 





Figure 2.8 Calculated Raman spectra for different conformations of PEG in the (a) CH 






Figure 2.9 Cyclic voltammetry [(a) full window and (b) UPD region] and corresponding 
simultaneous quartz crystal balance results [(c) full window and (d) UPD region] obtained from 
electrolyte baths containing sulfuric acid and copper sulfate with no additives (black), with only 
100 ppm PEG (red), and with both 50 ppm Cl
-




Figure 2.10 Cyclic voltammetry [(a) full window and (b) UPD region] and corresponding 
simultaneous quartz crystal balance results [(c) full window and (d) UPD region]  obtained from 
electrolyte baths containing sulfuric acid and copper sulfate with no additives (black), with only 
100 ppm PPG (red), and with both 50 ppm Cl
-





Figure 2.11 Percentage change in crystal resistance of the Au coated QCM sensing crystals 
during Cu electrodeposition experiments featured in (a) PEG experiments in Figure 2.9 (b) PPG 











Figure 2.13 QCM and electrochemistry data obtained using 5 mM Cu
2+
 and 0.05 M SO4
2-
 










Figure 2.14 QCM and electrochemistry data obtained from electrolyte containing 0.1 M H2SO4, 







Figure 2.15 QCM measurements obtained from electrolyte containing 0.1 M H2SO4, 0.01 M 
CuSO4, and 100 ppm PPG.  Cyclic voltammetry was applied from 0.394 V to 0.024 V and back 
at different scan rates of 5, 10, 15, and 20 mV/s.  Figure S4a shows the full window, while 
Figure S4b shows an enhanced window for clarity. 
 
 
Figure 2.16  PEG requires Cl
-
 to facilitate interaction with the copper surface (left), whereas the 





Table 2.1 Experimental QCM surface mass density values at 0.1 V vs. Ag/AgCl 
Electrolyte composition 
Experimental Mass 




CuSO4 + H2SO4 0.236 
CuSO4 + H2SO4 + Cl
-
 0.215 
CuSO4 + H2SO4 + PEG 0.205 
CuSO4 + H2SO4 + Cl
-
 + PEG 0.336 
CuSO4 + H2SO4 + PPG 0.413 
CuSO4 + H2SO4 + Cl
-




1. V. M. Dubin, R. Akolkar, C. C. Cheng, R. Chebiam, A. Fajardo, and F. Gstrein, 
Electrochimica Acta, 52 (8), 2891-2897 (2007). 
2. T. P. Moffat and D. Josell, Journal of The Electrochemical Society, 160 (12), Y7-Y10 
(2013). 
3. M. Yokoi, in Copper Electrodeposition for Nanofabrication of Electronics Devices, K. A. 
Kondo, R.N.; Barkey, D.P.; Yokoi, M, ed., Springer-Verlag New York, (2014). 
4. M. Carano, Iconnect007: PCB magazine,  (5), 8-20 (2015). 
5. E. Najjar, L. Barstad, J. Nagarajan, M. Lin, M. Rzeznik, and M. Lefebvre, Iconnect007: 
PCB magazine,  (5), 22-40 (2015). 
6. P. Andricacos, C. Uzoh, J. O. Dukovic, J. Horkans, and H. Deligianni, IBM Journal of 
Research & Development, 42 (5), 567-574 (1998). 
7. P. M. Vereecken, R. A. Binstead, H. Deligianni, and P. C. Andricacos, IBM Journal of 
Research and Development, 49 (1), 3-18 (2005). 
51 
 
8. D. Josell, D. Wheeler, and T. P. Moffat, Journal of The Electrochemical Society, 159 
(10), D570-D576 (2012). 
9. X. Gagnard and T. Mourier, Microelectronic Engineering, 87 (3), 470-476 (2010). 
10. C. Melvin and B. Roelfs, Chip Scale Review, 20 (2), 20-24 (2016). 
11. J. Reid, in Handbook of Semiconductor Manufacturing, R. N. Doering, Y., ed., CRC 
Press, Boca Raton, Fl, (2007). 
12. K. Ryan, K. Dunn, J. van Eisden, and J. Adolf, Journal of The Electrochemical Society, 
160 (12), D3186-D3196 (2013). 
13. J. J. Kelly and A. C. West, Journal of The Electrochemical Society, 145 (10), 3477-3481 
(1998). 
14. T. P. Moffat, D. Wheeler, and D. Josell Journal of The Electrochemical Society, 151 (4), 
C262-C271 (2004). 
15. J. J. Kelly and A. C. West, Journal of The Electrochemical Society, 145 (10), 3472-3476 
(1998). 
16. Y. Fu, T. Pao, S.-Z. Chen, S. Yau, W.-P. Dow, and Y.-L. Lee, Langmuir, 28 (26), 10120-
10127 (2012). 
17. Z. V. Feng, X. Li, and A. A. Gewirth, The Journal of Physical Chemistry B, 107 (35), 
9415-9423 (2003). 
18. J. P. Healy, D. Pletcher, and M. Goodenough, Journal of Electroanalytical Chemistry, 
338 (1), 155-165 (1992). 
19. J. L. Koenig and A. C. Angood, Journal of Polymer Science Part A-2: Polymer Physics, 
8 (10), 1787-1796 (1970). 
52 
 
20. H. Tadokoro, Y. Chatani, T. Yoshihara, S. Tahara, and S. Murahashi, Die 
Makromolekulare Chemie, 73 (1), 109-127 (1964). 
21. C. J. Orendorff, M. W. Ducey, and J. E. Pemberton, The Journal of Physical Chemistry 
A, 106 (30), 6991-6998 (2002). 
22. Z. D. Schultz, Z. V. Feng, M. E. Biggin, and A. A. Gewirth, Journal of The 
Electrochemical Society, 153 (2), C97-C107 (2006). 
23. K. G. Schmitt and A. A. Gewirth, The Journal of Physical Chemistry C, 118 (31), 17567-
17576 (2014). 
24. H.-L. Wu, L. A. Huff, J. L. Esbenshade, and A. A. Gewirth, ACS Applied Materials & 
Interfaces, 7 (37), 20820-20828 (2015). 
25. G. Sauerbrey, Zeitschrift für Physik, 155 (2), 206-222 (1959). 
26. Inficon. Operation and Service Manual - RQCM, Inficon Inc., East Syracuse, NY, 2014. 
27. B. Bozzini, C. Mele, L. D’urzo, G. Giovannelli, and S. Natali, Journal of Applied 
Electrochemistry, 36 (7), 789-800 (2006). 
28. Y. Jin, M. Sun, D. Mu, X. Ren, Q. Wang, and L. Wen, Electrochimica Acta, 78 459-465 
(2012). 
29. Y. Jin, Y. Sui, L. Wen, F. Ye, M. Sun, and Q. Wang, Journal of The Electrochemical 
Society, 160 (1), D20-D27 (2013). 
30. M. Christensen, O. F. Nielsen, P. Jensen, and U. Schnell, Journal of Molecular Structure, 
735–736 267-270 (2005). 
31. Y. Maeda, N. Tsukida, H. Kitano, T. Terada, and J. Yamanaka, The Journal of Physical 
Chemistry, 97 (51), 13903-13906 (1993). 
32. A. Z. Samuel and S. Umapathy, Polym J, 46 (6), 330-336 (2014). 
53 
 
33. M. Hiroatsu and M. Tatsuo, Bulletin of the Chemical Society of Japan, 41 (8), 1798-1808 
(1968). 
34. T. Miyazawa, K. Fukushima, and Y. Ideguchi, The Journal of Chemical Physics, 37 (12), 
2764-2776 (1962). 
35. T. Yoshihara, H. Tadokoro, and S. Murahashi, The Journal of Chemical Physics, 41 (9), 
2902-2911 (1964). 
36. Y. Melendez, K. F. Schrum, and D. Ben-Amotz, Applied Spectroscopy, 51 (8), 1176-
1178 (1997). 
37. R. Begum and H. Matsuura, Journal of the Chemical Society, Faraday Transactions, 93 
(21), 3839-3848 (1997). 
38. M. Kozielski, M. Mühle, Z. Błaszczak, and M. Szybowicz, Crystal Research and 
Technology, 40 (4-5), 466-470 (2005). 
39. V. Crupi, M. P. Jannelli, S. Magazu, G. Maisano, D. Majolino, P. Migliardo, and R. 
Ponterio, Journal of Molecular Structure, 381 (1), 207-212 (1996). 
40. B. P. Gaber and W. L. Peticolas, Biochimica et Biophysica Acta (BBA) - Biomembranes, 
465 (2), 260-274 (1977). 
41. L. S. Sandell and D. A. I. Goring, Macromolecules, 3 (1), 50-54 (1970). 
42. I. Polysciences, Warrington, PA, 1980. 
43. R. J. West, J. W. Davis, L. H. Pottenger, M. I. Banton, and C. Graham, Environmental 
Toxicology and Chemistry, 26 (5), 862-871 (2007). 
44. J. G. Long, P. C. Searson, and P. M. Vereecken, Journal of The Electrochemical Society, 
153 (4), C258-C264 (2006). 
54 
 
45. T. Hachiya, H. Honbo, and K. Itaya, Journal of Electroanalytical Chemistry and 
Interfacial Electrochemistry, 315 (1), 275-291 (1991). 
46. E. Herrero, L. J. Buller, and H. D. Abruña, Chemical Reviews, 101 (7), 1897-1930 
(2001). 
47. H. Matsumoto, J. Inukai, and M. Ito, Journal of Electroanalytical Chemistry, 379 (1), 
223-231 (1994). 
48. J. G. Gordon, O. R. Melroy, and M. F. Toney, Electrochimica Acta, 40 (1), 3-8 (1995). 
49. H. Uchida, M. Hiei, and M. Watanabe, Journal of Electroanalytical Chemistry, 452 (1), 
97-106 (1998). 
50. S. Wu, J. Lipkowski, T. Tyliszczak, and A. P. Hitchcock, Progress in Surface Science, 50 
(1), 227-236 (1995). 
51. D. Stoychev, Transactions of the IMF, 76 (2), 73-80 (1998). 






Suppression of Copper Electrodeposition by PEG in Methanesulfonic Acid Electrolytes 
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3.1 Introduction 
 The semiconductor industry continuously moves towards smaller devices with higher 
performance at lower costs, as described by Moore’s law.  Recent developments with regard to 
large R&D investments in lithography tools for next generation nodes reveal limitations of 
Moore’s law.  Thus, industry focus shifts to advanced packaging to further provide improved 
performance at lower costs and to decrease the form factor, following the so-called “More than 
Moore” approach.
1
  Such advanced packaging technologies include three dimensional (3D) 
integration of functional components via tall pillars and through-silicon vias (TSVs).
2-5
  
Interconnects using tall pillars and TSVs offer advantages compared to other forms of 3D 
integration such as wire-bonding.
6
  Metallization of tall pillars and TSVs is achieved with copper 
(Cu) electrodeposition.
5, 7
  Both tall pillar and TSV deposition suffer from long process times, 
which are related to transport issues of cupric ions (Cu
2+
) into large features.   Despite the 
different approaches of pattern type tall pillars and Damascene type TSVs, Cu
2+
 needs to be 
supplied into high aspect ratio features in both cases. In case of TSVs, the high aspect ratios 
require different considerations compared to the Cu filling of Damascene features.
8-10
  TSV 
56 
 
diameters and depths often range in the tens of microns and hundreds of microns, respectively, 
whereas Damascene features range on the order of tens of nanometers.
2
  Proper supply of Cu
2+
 
was found to be crucial for fast, void-free filling of TSV structures.
11
  The larger architectural 
dimensions require long plating times leading to low throughput using conventional sulfuric 
acid-based (H2SO4) electrolytes, which suffer from limited Cu
2+
 (as CuSO4) solubility.
12
 
Methanesulfonic acid (MSA) offers enhanced Cu
2+
 solubility (2.00 mol/L CuMSA salt in 
MSA vs. 1.35 mol/L for CuSO4 in H2SO4) while maintaining comparable conductivity (300 
S·cm
2
/mol for MSA vs. 445 S/cm·
2
/mol for H2SO4 at 0.5 N).
12
  Higher Cu
2+
 concentrations 
allow higher plating rates and greater throughput.  Additionally, MSA is considered more 
environmentally friendly than H2SO4 as it is biodegradable and less corrosive.
12, 13
  Also, MSA is 
a strong acid, possessing a pKa value of -1.86, similar to H2SO4 which has a pKa of -3. 
Cu electrodeposition from MSA electrolytes has been investigated and is essentially 
similar to deposition from H2SO4 electrolytes.
2, 14-17
  Cu deposition from MSA with commonly 
used poly(ethylene glycol) (PEG) suppressor has also been previously reported.
2, 15
  Suppressors 
are large alkyl-ether polymers that form blocking layers at the surface to inhibit Cu
2+
 from 
accessing the surface and are important for achieving super-conformal deposition of Cu for 
semiconductor packaging applications.
18
  However, despite the general similarities between 
additive-free MSA- and H2SO4-based electrolytes, the suppression behavior of PEG in MSA is 
different than in H2SO4.  PEG suppression in H2SO4 has been extensively studied and is 




  The interaction of PEG at a Cu surface in 
H2SO4 + Cl
-
 electrolyte is described by two models: 1) Cl
-
 stabilizes the Cu
1+
 intermediate of 
Cu
2+




 bridge to which the oxygen atoms of the PEG ether 
units bind to create a suppression layer
22
 or 2) the adsorbed Cl
-
 layer causes non-hydrogen 
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bonded water in the solvent network near the surface, increasing the relative hydrophobicity of 
the surface enough to allow PEG co-adsorption.
24
  Either model explains the requirement of Cl
-
.  
Previous electrochemical analysis of MSA electrolyte containing PEG reveals PEG’s ability to 









   Previous reports suggest PEG’s interaction at the Cu surface in MSA is 
facilitated by MSA, but the putative interaction has not been fully explained. 
This work examines Cu electrodeposition from MSA and MSA + PEG electrolytes using 
electrochemical analysis, Raman spectroscopy, surface enhanced Raman spectroscopy (SERS) 
and electrochemical quartz crystal microbalance measurements (QCM) in order to understand 
the surface interactions of MSA and PEG at a Cu electrode.  We provide insight into PEG’s 
suppression ability and interaction at a Cu surface in MSA electrolyte with and without Cl
-
.   
 
3.2 Experimental details 
 For linear sweep voltammetry experiments, high purity CuSO4·5H2O (Emsure®, Merck) 
and H2SO4 (Emsure®, Merck) were used to prepare sulfuric acid baths with composition of 50 
g/L Cu and 50 g/L H2SO4. Similarly, Cu(CH3SO3)2 and CH3SO3H (MSA, purity > 99%, Sigma-
Aldrich) were used for MSA based baths with the composition of 50 g/L Cu and 100 g/L MSA. 
Solutions of poly(ethylene glycol) MW 3000 (PEG3K) and HCl were prepared separately. The 
concentration of PEG in the solution was fixed to 100 mg/L. All the solutions were prepared in 
ultra-pure Milli-Q water (18.2 MΩ. cm). For electrochemical investigations a 
potentiostat/galvanostat (Autolab, Metrohm) with polycrystalline-Pt tip RDE, Pt-wire counter 
and Hg/Hg2SO4 /sat. K2SO4 reference electrodes were used. Prior to each analysis, a Cu-layer 
was deposited on the Pt-RDE from the respective base solutions (without chloride and additives). 
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Linear sweep voltammetry (LSV) curves were recorded at scan rate of 1 mV/s with the cathodic 
scan starting from OCP at 300 rpm rotation speed of the RDE. All the experiments were carried 
out at room temperature. In case of PEG and chloride containing electrolyte, the PEG and HCl 
were injected inside the cell using Dosino units (from Metrohm) after formation of Cu-layer on 
Pt RDE (as mentioned above). All the LSV curves are iR corrected.  
Raman samples were prepared using methanesulfonic acid (≥ 99%, Sigma-Aldrich) and 
18.2 MΩ Milli-Q purified H2O (Millipore).  Electrolytes for SERS studies were prepared from 
0.12 M MSA and 0.01 M Cu
2+
 (obtained by dissolving Cu(II)O (99.99% trace metals basis, 
powder, Aldrich) in the MSA solution). Excess MSA was added in order to react with Cu(II)O to 
form 0.01 M Cu
2+
 in solution and water, yielding a final methanesulfonate concentration of 0.12 
M, similar to previous reports.
26
  Solutions were prepared using water from a Milli-Q purifier.  
Suppressor was poly(ethylene glycol) dimethyl ether (PEG, ave. Mn ~ 2,000, Aldrich).   
A glass/Kel-F spectroelectrochemical cell described previously was used for all SERS 
measurements.
27
  Raman and SERS was conducted with excitation provided by a 632.8 nm He-
Ne laser (Meredith Instruments) as described previously.
28






A polycrystalline Cu disk (approx. 9.7 mm diameter) was used as the working electrode 
for SERS measurements.  The electrode was manually polished using 800 grit sand paper 
(MicroCut Discs, Buehler) which cleaned and roughened the surface for SERS.  Roughening 
using potential sweeps in a KCl solution
29, 30
 was avoided in order to preserve a “Cl
-
 free” 
surface.  After sanding, the electrode was sonicated and rinsed in Milli-Q water.  The counter 
electrode for SERS measurements was a Cu wire, and the reference electrode was a “no leak” 
Ag/AgCl electrode (3M KCl, eDAQ).  The reference electrode was calibrated to NHE before 
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each use.  All potentials reported are with respect to Ag/AgCl.  Electrochemical experiments 
were conducted with a CHI760 potentiostat (CH instruments).  Potential-dependent SERS was 
performed using staircase voltammetry, where the potential was stepped 50 mV every 31.44 
seconds.  30 spectra were acquired and added over the 31 second time period.  The potential was 
first stepped cathodically from 0.05 V to -0.5 V and then anodically back to 0 V for two 
complete cycles.  Second cycle spectra are shown.  Spectra were background subtracted to 
generate normalized peak intensities which were then averaged over multiple trials.  The error 
bars in the peak intensity plots represent standard deviation of the multiple trials. 
QCM measurements were performed using a Maxtek RQCM instrument, corresponding 
software and teflon crystal holder, as described previously.
29, 31
 Au-coated sensing crystals were 
purchased from INFICON (2.54 cm dia., 5 MHz, AT-cut, chromium adhesion layer under gold).  
QCM measurements were performed on the Au surface in electrolyte containing 0.12 M MSA + 
0.01 M Cu
2+
 and that with PEG added.  QCM measurements were also performed on a Cu 
surface without Cu
2+
 to avoid bulk Cu deposition which convolutes the mass observations at the 
surface.  Cu was electrochemically deposited onto the Au sensing crystals to prepare Cu surfaces 
used as working electrodes for QCM measurements. Cu deposition was performed using a 
solution of 0.6 M MSA and 0.1 M Cu
2+
 and a constant current density of 1.5 mA/cm
2
 for 600 
sec.  The sample was immediately rinsed with Milli-Q water and transferred into the test 
apparatus containing either 0.12 M MSA or 0.12 M MSA + 100 ppm PEG.  The Cu surface was 
introduced under potential control (-0.2 V) to avoid Cu dissolution.  Measurements were 
conducted at 30ᵒ C.  Argon was bubbled into the electrolyte to remove dissolved oxygen gas and 
then passed over the surface of the electrolyte during measurements to maintain an inert 
atmosphere.  Cyclic voltammetry was performed in a window between 0.0 V to -0.5 V at a scan 
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rate of 10 mV/s.  Gravimetric measurements were collected simultaneously with the cyclic 
voltammetry.  The change in frequency of the sensing crystal was used to calculate mass 
according to the Sauerbray equation
32
:  
                
               (3) 
where Δƒ is the measured resonant frequency change (Hz), ƒ is the intrinsic crystal frequency, 
∆m is the mass change, ρq is the density of quartz (2.65 g/cm
3





) and A is the electrode area.  Cƒ was determined to be 59.1 cm
2
/g by measuring 
the frequency change during Ag deposition from a solution of 0.1 M KNO3 and 1 mM AgNO3.
31
  
This value is close to the supplied instrument parameter of 56.6 cm
2
/g.  The largest change in 
crystal resistance during experiments was 0.2 , corresponding to a 0.1% change, a value of 
which is within the limits of the assumptions of the Sauerbray equation.
33
   
 
3.3 Results and discussion 
3.3.1 Electrochemical analysis 
Figure 3.1 shows linear sweep voltammetry (LSV) performed at a rotating disk electrode 
(RDE) for (Fig. 3.1a) H2SO4 and (Fig. 3.1b) MSA electrolytes.  In Figure 3.1a, the black curve is 
obtained from electrolyte containing 50 g/L Cu
2+
 and 50 g/L H2SO4.  As the potential is swept to 




 is observed starting at 
ca. 0.01 V (the potential at which the deposition current achieves 10 mA/cm
2
), in agreement with 
prior literature.
19, 20, 34, 35
  When 100 ppm of PEG is included in the electrolyte (red curve), there 
is a shift in the onset potential for Cu deposition to ca. -0.05 V.
19, 20, 34, 36
  However, at potentials 
negative of -0.12 V, the LSV curves obtained from the sulfuric acid electrolyte and that with 
PEG added overlap, indicating that suppression from PEG no longer occurs.  Addition of 100 
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ppm of PEG + 50 ppm of Cl
-
 to the electrolyte yields the blue curve in Figure 3.1a.
19, 20, 36
  With 
this electrolyte, the onset potential is -0.17 V indicating the presence of suppression for Cu 
electrodeposition.  The combination of PEG and Cl
-
 has long been known to result in suppression 
behavior.
19











 which can then complex with the ether units of the PEG backbone, causing a 
suppressing layer to inhibit Cu deposition.  Other models, invoking surface hydrophobicity in the 
presence of Cl
-
 have also been proposed.
24
 
 Figure 3.1b shows the results of electrochemical measurements performed in MSA 
electrolytes.  The LSV obtained in an electrolyte containing 50 g/L Cu
2+
 + 100 g/L MSA is 





 and similar to that found in sulfuric acid electrolyte (Fig. 3.1a).
17
    Addition of 
100 ppm PEG to the electrolyte (red curve) results in an onset potential for Cu deposition of ca. -
0.17 V. The onset potential achieved in MSA + PEG electrolyte is similar to that achieved in 
H2SO4 + PEG + Cl
-





   Addition of 50 ppm Cl
-
 to the electrolyte containing PEG + MSA (blue 
curve) results in an onset potential of -0.14 V, similar to that found with PEG alone.
2, 16, 25
  Thus, 
Cl
-
 does not enhance the suppression attendant PEG in MSA electrolyte. 
 
3.3.2 Bulk MSA and MSA solution Raman 
We performed in situ Raman and SERS in order to evaluate the origin of the suppression 
behavior attendant MSA+PEG electrolytes.  Figure 3.2 shows Raman spectra obtained from neat 
and 50% aqueous solutions of MSA.  MSA is a liquid at room temperature.  In this state, MSA is 
protonated and possesses Cs symmetry.  The Raman spectrum of neat MSA is shown in the black 
curve in Figure 3.2 and agrees with previous reports.
38-43
  The assignments for all modes are 
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given in Table 3.1.  MSA is a strong acid (pKa = -1.86) and is fully dissociated in a 50% (7.7 M) 
aqueous solution.
12, 40
  MSA possesses C3v symmetry in its deprotonated form.  The Raman 




Figure 3.2 shows spectral changes occurring as molecular symmetry goes from Cs to C3v, 
consistent with prior results.
40
  Here, the figure shows that peaks i and l of neat MSA, assigned to 
ν(SO-H) and νs(SO2), respectively, coalesce into a νs(SO3) A1 mode (peak k) in solution.  Peak o 
assigned to νa(SO2) of neat MSA shifts and broadens to become νa(SO3), labeled peak n, in 
solution.  Additional changes on going from neat to solution MSA include: peak j assigned to 
ρ(CH3) shifts from 983 cm
-1
 in neat MSA to 964 cm
-1
 in solution MSA and peak p, assigned to 
δ(CH3), shifts from 1418 cm
-1
 in neat MSA to 1424 cm
-1
 in solution. 
 
3.3.3 MSA SERS  
Figure 3.3 shows potential dependent SERS obtained from a solution containing 0.12 M 
MSA + 0.01 M Cu
2+
.  Spectra obtained with added Cl
-
 were similar.  The spectrum shows a band 
at 285 cm
-1
 (peak a) which is assigned to a ν(Cu-SO3) stretch by analogy with spectra containing 
sulfate.
28, 45, 46
  SERS obtained from a Cu electrode of perchlorate electrolyte (data not shown) 
showed no Raman modes in the 200-300 cm
-1
 region.  The lack of Cu surface-associated modes 
in this region in perchlorate indicates that peak a can be adequately assigned to ν(Cu-SO3) and 
not to a water mode or other species at the Cu surface.  The presence of band a demonstrates that 
MSA interacts at the Cu surface, likely through the sulfonate moiety of the MSA molecule.  
Figure 3.3a shows the cathodic sweep and Figure 3.3b shows the following anodic sweep.  The 
ν(Cu-SO3) band exhibits highest intensity at positive potentials which then decreases as the 
potential is made more negative.  Figure 3.3e shows the potential dependence of the ν(Cu-SO3) 
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band intensity directly.  The intensity is high until a potential of ca. -0.15 V is reached and then 
decreases as the potential becomes more negative.  The intensity of the ν(Cu-SO3) band increases 
upon the anodic sweep. 
Figure 3.3c and 3.3d shows the cathodic and anodic sweeps, respectively, obtained in the 
spectral range between 925-1075 cm
-1
.  Four Raman modes are observed in this region.  Peak j at 
964 cm
-1
 is assigned to ρ(CH3) and peak k at 1052 cm
-1
 is assigned to νs(SO3) as they occur at 
similar wavenumbers found in the bulk Raman spectra of MSA solution.
41
  These modes are 
associated with the C3v symmetry form of the MSA anion.  Figure 3.3f shows the potential 
dependence of ρ(CH3) (peak j).  The behavior demonstrates that intensity decreases at potential 
negative of -0.2 V, similar to the ν(Cu-SO3) band intensity. 
Peaks j’ at 1009 cm
-1
 and k’ at 1040 cm
-1
 are not found in the bulk Raman of either neat 
MSA or MSA solution.  A Raman band at 1002 cm
-1
 has been reported previously for a solid 
Cd(H2O)2(CH3SO3)2 salt and assigned to a ρ(CH3) mode.
47
  The lattice constraints and 
coordination to a Cd
2+
 ion result in the ρ(CH3) band occurring at higher wavenumber.  A similar 
argument is invoked here to assign peak j’ to a ρ(CH3) mode that is blue shifted due to 
interaction with the Cu surface.  Peak k’ is assigned in a similar manner.  Previous spectroscopic 
studies of sulfuric acid solutions demonstrates that the νs(SO4
2-
) undergoes a red shift of ca. 25 
cm
-1
 from neat Raman to SERS obtained from a roughened Cu surface polarized to -0.4 V where 
the interaction with the Cu surface and applied electric field causes a change in the local 
environment of the molecule.
48
  Peak k’ is therefore assigned by analogy to a red-shifted νs(SO3) 
mode, as it occurs ca. 10 cm
-1
 lower in energy than in the bulk MSA solution. 
The intensity of the ν(Cu-SO3) band decreases beginning ca. -0.15 V and reaches a 
minimum at the end of the potential sweep at -0.5 V.  Despite the decrease, MSA anions are not 
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expected to be fully dissociated from the Cu surface in this potential range. The potential of zero 
charge (pzc) on polycrystalline Cu in perchlorate electrolytes has been previously determined to 
be ca. -0.9 V.
49
  Previous work from our group
28
 demonstrates that sulfate anions persist on a Cu 
surface down to -0.6 V, in agreement with other reports.
48
  Thus the -0.5 V potential extrema is 
well positive of the pzc.  Additionally, the presence of surface-related peaks j’ and k’ growing in 
at negative potential suggest MSA anions interact at the Cu surface throughout the applied 
potential window. 
Figures 3.4a and 3.4b show potential dependent SERS obtained from a solution 
containing 0.12 M MSA + 0.01 M Cu
2+
 in the spectral range between 1075-1500 cm
-1
.  Five 
peaks are observed in this region.  Peak n at 1207 cm
-1
 is assigned to νa(SO3) of the MSA anion 
possessing C3v symmetry, the potential dependence of which is shown in Figure 3.4d.  Peak l at 
1134 cm
-1
 and peak o at 1315 cm
-1
 are assigned to νs(SO2) and νa(SO2) of MSA molecule 
possessing Cs symmetry, respectively.  The potential dependence of peaks l and o can be found 
in Figures 3.4c and 3.4e.  Peak n decreases from the beginning of the potential sweep at 0.05 V 
before reaching a plateau at -0.25 V.  Intensity is regained upon the anodic sweep.  
Simultaneously, peaks l and o continually increase in intensity during the entire cathodic sweep, 
before decreasing in intensity during the anodic sweep.  The existence of SO3-associated peak n 
at > -0.1 V indicates that MSA exists as an anion possessing C3v symmetry at high potential.  
The appearance of SO2-related peaks l and o during the cathodic sweep and subsequent decrease 
in intensity during the anodic sweep indicate a reversible potential dependent symmetry change 
of MSA at a Cu surface. One possible explanation for the observed potential-dependent 
symmetry behavior involves re-orientation of MSA at the surface as potential is biased negative.  
We suggest that MSA is initially oriented perpendicular to the Cu surface such that the three S-O 
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bonds all occupy equivalent interaction with the Cu surface, thus the presence of the νa(SO3) 
band.  As the potential is made negative, MSA anions reorient such that the three S-O bonds of 
the sulfonate are no longer equivalently interacting with the Cu surface.  The inequity among the 
S-O bonds results in a change of symmetry of the MSA molecule toward Cs symmetry, as 
evidenced by the presence of the νs(SO2) and νa(SO2) modes presented by peaks l and o.  A 
reorientation in MSA resulting in non-equivalent S-O bonds at an alumina surface was also 
suggested on the basis of inelastic electron tunneling spectroscopy measurements.
44
  The change 
from C3v symmetry to Cs symmetry below -0.15 V also accounts for the decrease in intensity of 
the ν(Cu-SO3) band (peak a) previously discussed, as the SO3-related modes become less 
prevalent. 
 Peaks p and p’ are also observed in Figure 3.4a and 3.4b.  Peak p at 1428 cm
-1
 is 
assigned to δ(CH3) of the E symmetry element of the C3v point group.  Peak p’ at 1402 cm
-1
 is 
assigned to δdef(CH3) and results from the splitting of the degenerate δ(CH3) E mode upon the 
lowering of symmetry experienced by the MSA anion at the Cu surface.  The average normalized 
Raman intensity for peaks p’ and p are shown in Figure 3.4e and 3.4f, respectively.  Peak p’ 
increases as the potential is swept negative and subsequently decreases in intensity upon the 
anodic sweep.  The intensity achieves a plateau between -0.15V and -0.3 V during both sweeps.  
Peak p increases in intensity during the cathodic sweep, before decreasing during the anodic 
sweep.  The increased overall intensity of peak p and p’ also support the notion that MSA does 
not leave the surface at low potential, but instead undergoes re-orientation where C3v-related 
modes diminish in intensity, while Cs-related modes increase in intensity. 
 Figure 3.5 shows SER spectra obtained from 0.12 M MSA + 0.01 M Cu
2+
 in the spectral 
range 2750 – 3100 cm
-1
.  The peak occurring at 2965 cm
-1
 is assigned to νs(CH3) of the MSA 
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methyl group.  The peak at 3028 cm
-1
 is assigned to νa(CH3) and exists on a sloping background 
from water stretching modes.  The intensity at wavenumbers less than 2950 cm
-1
 mode is 
attributed to ν(CH3) shifted due to MSA interaction at the Cu surface and relates to the splitting 
phenomenon seen in the CH bending modes. 
 
3.3.4 MSA+PEG SERS 
We next examine MSA in the presence of PEG. Figure 3.6 shows the potential dependent 
SER spectra in the range between 237-337 cm
-1
 for electrolyte containing 0.12 M MSA + 0.01 M 
Cu
2+
 + 100 ppm PEG.  Spectra obtained in the presence of Cl
-
 were similar.  Peak a is present in 
the spectra at 285 cm
-1
 and is assigned to ν(Cu-SO3), similar to peak a in the absence of PEG 
shown previously in Figure 3.3.  The potential dependence of peak a in electrolyte containing 
PEG is shown in Figure 3.6c.  The intensity of peak a is high at the beginning of the cathodic 
sweep at 0.05 V and maintains a high intensity as the potential is swept negative to -0.3 V.  At 
potentials negative of -0.3 V during the cathodic sweep, the intensity decreases reaching a 
minimum at -0.5 V.  The steep decrease in ν(Cu-SO3) intensity at -0.3 V coincides with the onset 
of reduction current observed in the electrochemistry presented in Figure 3.1b.  Upon the anodic 
sweep, the intensity increases starting at ca. -0.3 V through the end of the sweep at 0.0 V.   
There are two differences in the behavior of peak a with and without the presence of 
PEG.  First, peak a persists on the surface to more negative potentials in the presence of PEG.  
Second, the potential dependent behavior in the presence of PEG is more hysteretic.  MSA is not 
expected to depart the surface over the potential range studied here in the presence of PEG, and 
so the decreased intensity of ν(Cu-SO3) is again likely due to the reorientation process described 
above.  The potential dependence of ν(Cu-SO3) in the presence of PEG suggests that PEG causes 
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the reorientation of MSA anions to be delayed and occur at lower potential relative to PEG-free 
solutions.   
Figure 3.7 shows the potential dependent spectra in the range 900-1500 cm
-1
 for 
electrolyte containing 0.12 M MSA + 0.01 M Cu
2+
 + 100 ppm PEG.  A number of bands are 
observed for MSA + PEG electrolyte that were not observed in the PEG-free electrolyte.  These 
modes are assigned to PEG modes based on previously reported spectra.
50-52
  Table 2.1 contains 
complete assignments.  The presence of PEG modes in the SER spectra from the beginning of 
the cathodic sweep in MSA+PEG electrolyte indicates that PEG is present at the Cu surface in 
MSA electrolyte without Cl
-
, as suggested from the electrochemical measurements above.  
The PEG modes are convoluted with the MSA modes, making potential dependent trends 
difficult to evaluate.  One PEG mode that is not convoluted by MSA modes is peak w which 
occurs at 1250 cm
-1
 and is assigned to τ(CH2).
50-52
  The potential dependence of peak w is plotted 
in Figure 3.7c.  The intensity of peak w is generally constant from the beginning of the cathodic 
sweep at 0.05 V to ca. -0.35 V, when it diminishes in intensity.  Upon biasing the potential back 
positive in the anodic sweep, the intensity increases ca. -0.4 V, returning to the initial level at 0.0 
V.  This potential dependent behavior suggests that PEG begins to leave the surface at potentials 
negative of -0.35 V.  The decrease in PEG-related intensity also coincides with the onset of 
reduction current for electrolyte containing MSA + PEG, suggesting that PEG departure from the 
Cu surface allows for reduction of Cu
2+
 ions at the cathode surface. 
Figure 3.8 shows SER spectra obtained from electrolyte containing 0.12 M MSA + 0.01 
M Cu
2+
 + 100 ppm PEG in the spectral range 2750 – 3100 cm
-1
.  The range presented here 
contains CH stretching modes belonging to both MSA and PEG and are heavily convoluted with 
each other, making specific mode assignment challenging. 
68 
 
3.3.5 MSA and MSA+PEG QCM 
 Figure 3.9 shows cyclic voltammetry and corresponding QCM measurements obtained 
from electrolyte containing 0.12 M MSA and that containing 0.12 M MSA + 100 ppm PEG on a 
Cu surface.  Figure 3.10 shows the corresponding crystal resistance during QCM measurements.  
The crystal resistance exhibits insignificant changes during CV and QCM data collection, 
indicating that the assumptions of the Sauerbray equation are valid.  Cu
2+
 was not included in the 
electrolyte to avoid bulk Cu electrodeposition.  Measurements with Cu
2+
 are discussed below.  
The electrochemical and gravimetric data in Figure 3.9 represents the second CV cycle.  The 
black curve of Figure 3.9a shows the electrochemistry of MSA electrolyte at the Cu sensing 
surface.  The current observed at -0.4 V is attributed to the hydrogen evolution reaction (HER), 
as there is no Cu
2+
 in solution.  The red curve of Figure 3.9a shows the electrochemistry of 
electrolyte containing MSA + PEG where the reduction current is also attributed to HER.  The 
cathodic shift in the onset potential of HER in MSA + PEG electrolyte suggests that PEG 
interacts at the surface and partially suppresses HER. 
 The black curve of Figure 3.9b shows the surface mass density changes during the cyclic 
voltammetry obtained from electrolyte containing only 0.12 M MSA.  The surface mass density 
decreases in intensity at ca. -0.4 V, expected behavior for anionic species at a Cu surface under 
negative potential bias.
53
  The total mass decrease from beginning of the scan (0.0 V) to the end 
of the scan (-0.5 V) is -0.014 ± 0.001 µg/cm
2
.  Sulfate adsorbs on Cu(111) such that 1/3 of a 
sulfate molecule adsorbs per 1 atom of Cu.
53
  MSA is expected to adsorb in a similar ratio given 
the orientation of the sulfonate portion of the MSA molecule to the Cu surface.  A layer of MSA 
anions in such orientation yield a calculated surface mass density of 0.120 µg/cm
2
.  The observed 
decrease in surface mass density at -0.5 V is less than the calculated surface mass density and 
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suggests that MSA anions are not fully dissociated from the Cu surface at -0.5 V.  This result is 
in agreement with the SER spectra above showing MSA anions remain at the surface at -0.5 V. 
 The red curve of Figure 3.9b shows the surface mass density changes during cyclic 
voltammetry obtained from electrolyte containing 0.12 M MSA + 100 ppm PEG (no Cu
2+
).  The 
surface mass density decreases in intensity continually as the potential is swept from 0.0 V to -
0.5 V.  The total mass decrease from beginning of the scan (0.0 V) to the end of the scan (-0.5 V) 
is -0.061 ± 0.007 μg/cm
2
.  The surface mass density decrease in MSA + PEG electrolyte is larger 
than that in PEG-free electrolyte and suggests that PEG exists at the Cu surface at the beginning 
of the sweep (0.0 V) and is desorbed as the potential is made negative, in agreement with the 
PEG-associated intensity trend determined from SERS measurements.  The lack of Cu
2+
 in 
solution for QCM measurements could account for the observed continual decrease in PEG-
related mass, whereas PEG-related SERS intensity did not decrease until ca. -0.35 V. 
 QCM measurements performed on a Au sensing surface in electrolyte containing Cu
2+
 
can be found in Figure 3.11.  In the presence of Cu
2+
, bulk Cu deposition occurs in the potential 
range where PEG mass is expected to leave the surface, causing evaluation of the relatively small 
PEG mass impossible.  The overall mass of bulk Cu deposited in the presence of PEG is less 
than that without PEG indicating suppression of Cu deposition.  QCM measurement begins at a 
relative frequency/surface mass value (not an absolute value), thus the beginning of the QCM 
scan is set to zero.  Since no additional mass is observed in the UPD region during the sweep, but 
suppression is achieved, it is assumed PEG already exists on the surface at the beginning of the 
measurement.  The SER spectra support this assumption, as well.  To investigate the initial 
adsorption of PEG onto the Au sensing surface, an injection experiment was performed wherein 
PEG dissolved in a small volume of electrolyte was injected into bulk electrolyte such that the 
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final concentration of PEG was 100 ppm.  The temporal response of injecting PEG is shown in 
Figure 3.12.  PEG is injected at 50 seconds and an increase in surface mass density is observed, 
stabilizing within 15 seconds of injection.  An increase of 0.075 μg/cm
2
 in surface mass density 
is observed indicating PEG adsorbs onto the Au surface.   
 
3.4 Conclusion 
MSA initially orients with the sulfonate portion of the molecule towards the Cu surface 
and the methyl portion of the molecule towards solution, as depicted in Figure 3.13a at 0.05 V.  
Such orientation makes the surface hydrophobic by influencing the solvent water layer close to 
the surface, in a manner similar to an adsorbed alkyl-terminated thiol layer
54 or adsorbed Cl- 
layer at Cu.
24
  Sulfate alone is not expected to influence the surrounding solvent in a similar 
manner, explaining the difference in behavior of the two electrolytes.
24
  MSA reorients at 
negative potential, likely due to decreasing positive charge on the electrode as the potential 
moves toward the pzc.  The reorientation occurs at -0.15 V as depicted in Figure 3.13a, most 
likely decreasing the hydrophobicity as the sulfonate moiety can interact with solvent.  The 
reorientation persists through the end of the cathodic sweep at -0.5 V. 
 MSA behavior changes in the presence of PEG.  The initial hydrophobic orientation of 
MSA creates a favorable surface for hydrophobic PEG to reside and thus MSA facilitates PEG 
interaction to the surface, as shown in the 0.05 V panel of Figure 13.3b.  The potential of MSA 
reorientation changes with the presence of PEG and occurs at -0.3 V as demonstrated by the 
center panel of Figure 13.3b, suggesting interaction with PEG causes MSA to remain in the 
upright, hydrophobic orientation at lower potential.  MSA eventually reorients at potentials 
negative of -0.3 V.  The reorientation decreases the hydrophobicity of the MSA layer as the 
sulfonate moiety is available to interact with PEG and surrounding solvent.  The change in 
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hydrophobicity caused by the MSA reorientation is enough to cause PEG to leave the surface 
and for Cu deposition to occur, shown in the -0.5 V panel of Figure 13.3b.  The proposed model 
demonstrates how the interplay of MSA, solvent water, and PEG controls PEG coverage at the 
electrode surface in MSA electrolytes. 
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3.6 Figures and table 
 
Figure 3.1 Linear sweep voltammetry at a Pt rotating disk electrode pre-plated with Cu for (a) 
H2SO4 and (b) MSA Cu electrodeposition electrolytes.  The black curves show the additive-free 
electrolyte (50 g/L Cu
2+
 and 50 g/L H2SO4 or 100g/L MSA), the red with only PEG added (100 
ppm), and blue with PEG (100 ppm) and Cl
-
 (50 ppm) added.  The rotation rate is 300 RPM and 
















Figure 3.3 Potential dependent SER spectra obtained from a roughened Cu electrode of 
electrolyte containing 0.12 M MSA + 0.01 M Cu
2+
.  (a) Cathodic sweep and (b) anodic sweep for 
spectral range 237-337 cm
-1
.  (c) Cathodic sweep and (b) anodic sweep for spectral range 925-
1075 cm
-1




Figure 3.4 Potential dependent SER spectra obtained from a roughened Cu electrode of 
electrolyte containing 0.12 M MSA + 0.01 M Cu
2+
.  (a) Cathodic sweep and (b) anodic sweep for 
spectral range 1075-1500 cm
-1
.  Average normalized Raman intensity as a function of potential 




Figure 3.5 SERS obtained from electrolyte containing 0.12 M MSA and 0.01 M Cu
2+
 in the 
region 2750 – 3100 cm
-1








Figure 3.6 Potential dependent SER spectra obtained from a roughened Cu electrode of 
electrolyte containing 0.12 M MSA + 0.01 M Cu
2+
 + 100 ppm PEG.  (a) Cathodic sweep and (b) 
anodic sweep for spectral range 237-337 cm
-1
. Average normalized Raman intensity as a 




Figure 3.7 Potential dependent SER spectra obtained from a roughened Cu electrode of 
electrolyte containing 0.12 M MSA + 0.01 M Cu
2+
 + 100 ppm PEG.  (a) Cathodic sweep and (b) 
anodic sweep for spectral range 900-1500 cm
-1
. Average normalized Raman intensity as a 
function of potential for (c) peak w. 
 
Figure 3.8 SERS obtained from electrolyte containing 0.12 M MSA, 0.01 M Cu
2+
, 100 ppm 
PEG in the region 2750 – 3100 cm
-1
. Left shows the cathodic sweep and right the following 




Figure 3.9 (a) Cyclic voltammetry and (b) corresponding simultaneous quartz crystal 
microbalance (QCM) results obtained from electrolyte containing (black) 0.12 M MSA and (red) 




Figure 3.10 Crystal resistance obtained during QCM measurements on electrolyte containing 





Figure 3.11 Cyclic voltammetry [(a) full window and (b) UPD region] and corresponding 
simultaneous quartz crystal balance results [(c) full window and (d) UPD region]  obtained from 
electrolyte baths containing (black) 0.12 M MSA + 0.01 M Cu
2+
 and (red) 0.12 M MSA + 0.01 
M Cu
2+





Figure 3.12 QCM injection experiment performed on Au QCM sensing crystal.  Surface mass 
density as a function of time with 100 ppm PEG added to 0.12 M MSA and 0.01 M Cu2+ 







Figure 3.13 Potential-dependent orientation of (a) MSA and (b) MSA in the presence of PEG at 












Table 3.1 Raman vibrational mode assignments 
Peak MSA  50% MSA soln. MSA SERS Assignment Reference 
a     285 ν(Cu-SO3) 28, 45, 46 
b 335 341 343 ρ(CH3) 40, 41 
c 475     ω(SO2) 39, 41 
d 501     δdef(SO2) 39, 41, 42 
e 533     ω(SO3) 38, 39, 41, 42 
f   526 530 δa(SO3) 38, 39, 41, 42, 44 
g   556 560 δs(SO3) 42, 44 
h 769 782 781 ν(C-S) 38-44  
i 897     ν(S-OH) 39-41, 43 
j 983 964 964 ρ(CH3) 39-44  
k''     1009 ρ(CH3) 47 
k'     1040 νs(SO3) 47 
k   1048 1052 νs(SO3) 38-44, 47 
l 1124    1134 νs(SO2) 38, 39, 41-43 
m 1164     δ(SO-H) 39, 42, 43 
n   1195 1207 νa(SO3) 40, 42, 44, 47 
o 1345   1315 νa(SO2) 39-44  
p'     1402 δdef(CH3) 39, 47 
p 1418 1424 1428 δ(CH3) 38-44, 47 
            
Mode PEG     Assignment Ref. 
q 938     ν(C-O), ρ(CH2) 50-52  
r 958     ν(C-C), ρ(CH2) 50-52  
s 1027     ν(C-C), ρ(CH2) 50-52  
t 1040     ν(C-O), ρ(CH2) 50-52  
u 1130     ν(C-O), ω(CH2) 50-52  
v 1144     ν(C-C), ω(CH2) 50-52  
w 1252     τ(CH2) 50-52  
x 1300     τ(CH2) 50-52  
y 1455     δ(CH2) 50-52  
z 1475     δ(CH2) 50-52  
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Leveler and Suppressor Interaction with SPS Accelerator at a Cu Surface during Deposition 
 
Adapted with permission from R. T. Rooney, C. Bandas-Rivera, R. Schmidt, and A. A. Gewirth, 
Leveler and suppressor interaction with SPS accelerator at a Cu surface during deposition. In 
preparation 2019. 
 
Collaborator R. Schmidt contributed to data in Figure 4.2. 
 
4.1 Introduction 
 Copper (Cu) metallization of microelectronic devices is of continued interest for the 
semiconductor fabrication and packaging industries.  Applications of Cu metallization include 




, and advanced semiconductor 




, and redistribution layers.
9
  
Metallization is primarily achieved via electrodeposition because of its ability to produce high 
purity, structurally stable Cu.
10
  Proper filling of features requires electrolyte additives, which 
interact at the Cu surface to influence the deposition mechanism.
11-13
  The pursuit of fundamental 
insight into additive behavior is therefore essential for achieving ultimate deposition control and 
keeps Cu electrodeposition at the forefront of industrial and academic interests. 
 Typical additives to conventional H2SO4 and CuSO4 electrolytes include Cl
-
, suppressors, 
anti-suppressors (accelerators), and levelers.  Cl
-
 adsorbs to Cu and facilitates other additives’ 
interactions to the surface during deposition.
13
  Suppressors are usually large alkyl-ether 
polymers, such as poly(ethylene glycol) (PEG), which inhibit deposition by forming a blocking 
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layer that limits Cu
2+
 diffusion to the surface.  It has been shown that suppression by PEG is only 




  Bis-(sodium sulfopropyl)-disulfide (SPS) is 
ubiquitously used as an anti-suppressor or accelerator to enhance the rate of deposition.
11, 14
  The 
disulfide bond of SPS is cleaved upon adsorption resulting in adsorbed 3-mercapto-1-
propanesulfoante (MPS) bound to the surface through the thiol moiety with the sulfonate 
extending towards electrolyte.
15
  Acceleration occurs both by mild increase of the Cu
2+
 reduction 
rate and by displacement of suppressor.  Levelers are nitrogen-containing, cationic species that 




Synergistic interactions among additives control the deposition mechanism leading to 
super-conformally filled features, as detailed for Damascene applications by the Curvature 
Enhanced Accelerator Coverage (CEAC) model.
14, 18, 19
  Initially, additives uniformly adsorb 
across the entire substrate and deposition commences evenly.  Shortly thereafter, a unique 
change in surface area driven by the transition of squared to concave recesses in the feature 
bottom causes a competition of surface adsorption sites.  Strong affinity of thiols on Cu causes 
SPS to win out the competition and displace weaker suppressor interactions resulting in 
accumulated accelerator concentration in the feature bottom.  The lack of suppressor and 
increased accelerator coverage in the bottom of the feature establishes a differential plating rate 
wherein the feature bottom fills faster than the sidewalls or top surface, thus achieving super-
conformal filling.  Leveler, included in electrolyte at low concentrations, operates via diffusion 
to areas of high current density and inhibits accelerator to diminish the deposition rate after the 
feature is filled.  Interaction between leveler and accelerator is suggested to occur by ion-pairing 





Previous work in our group investigated the electrochemical mechanism and structural 
behavior of accelerator molecules of varying chain length at a Cu surface.
22
  Conventional SPS, 
containing three carbons in the alkyl backbone was compared to its two- and four-carbon chain 
counterparts, bis-(sodium sulfoethyl)-disulfide (SES) and bis-(sodium sulfobutyl)-disulfide, 
respectively.  SPS was the only molecule in the series to exhibit electrochemical acceleration, as 
well as the only molecule to access more gauche character than trans in alkyl chain backbone, as 
identified by the ratio between the gauche and trans ν(C-Sthiol) modes.  This gauche:trans ratio 
was dynamic for SPS over the potential window investigated ranging between 1 and 2.  The ratio 
for SES and SBS were not dynamic and maintained at a constant value below 1 for the entirety 
of the potential window.  Thus, a correlation between acceleration ability and dynamic structural 
behavior was established. 
This work further explores the established structure relationship by investigating SPS 
structural behavior in the presence of suppressor and amine levelers.  Levelers are expected to 
interact with SPS via an ion-pairing
20
 and suppressors are not
17
, but the assumed interaction has 
not been observed directly.  Therefore we interrogated the structural behavior of SPS in presence 
of PEG suppressor and in the presence of ethylenediamine (EDA) and diethylenetriamine (DTA) 
leveler through evaluation of the SPS gauche/trans paradigm, as well as other molecular 
indicators that yield insight into interactions.  This set of additives (PEG, EDA, and DTA) allows 
for determination of both chemical and molecular weight effects on SPS structural behavior.  
PEG possesses large molecular weight and no cationic functionality, thus little interaction with 
SPS is expected.  Both EDA and DTA are expected to be protonated and therefore cationic when 





  While both EDA and DTA possess proper leveler functionalities, EDA is smaller than 
DTA allowing molecular weight effects to be determined. 
Electrochemical measurements and surface-enhanced Raman spectroscopy (SERS) reveal 
direct evidence of the putative intermolecular interactions among accelerator and suppressor/ 
leveler at a Cu surface during deposition.  As expected, PEG’s interaction with SPS is less than 
that observed between SPS and EDA or DTA highlighting the important cationic nature of 
levelers.  Furthermore, DTA imparts greater structural change to SPS than EDA suggesting 
molecular weight of properly functionalized levelers also plays a role in leveler interaction.  
Insight derived from observations herein regarding additive interactions is important for 
understanding additive properties towards achieving ultimate deposition control.   
 
4.2 Experimental details 
 Electrochemical injection experiments were performed using a potentiostat/galvanostat 
(Autolab, Metrohm) with polycrystalline-Pt tip RDE, Pt-wire counter and Hg/Hg2SO4 /sat. 
K2SO4 reference electrodes.  Prior to each analysis, a Cu-layer was deposited on the Pt-RDE 
from electrolyte containing 50 g/L Cu
2+
 (Emsure ®, Merck), 50 g/L H2SO4 (Emsure ®, Merck).  
Galvanostatic injection experiments were performed using this electrolyte with 50 ppm Cl
-
 (as 
HCl, Sigma) added.  Suppressor, leveler and accelerator additives were injected using Dosino 
units (from Metrohm).  Poly(ethylene glycol) dimethyl ether (PEG, ave. Mn ~ 2000, Aldrich) is 
used as suppressor, whereas ethylenediamine (EDA, ≥ 99.5%, Aldrich), and diethylenetriamine 
(DTA, 99%, Sigma-Aldrich) were used as leveler additives.  Bis-(sodium sulfopropyl)-disulfide 
(SPS, Atotech) is used as accelerator.  Figure 4.1 shows the molecular structure of the suppressor 
and leveler molecules.  Current was held at 1 ASD (10 mA/cm
2
) at a rotation rate of 300 rpm and 
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the resulting potential was monitored.  Suppressor or leveler was injected at 250 s and 
accelerator at 500 s such that the final concentrations of each were 100 ppm or 1 mM (340 ppm), 
respectively. 
 SERS measurements were performed using a glass/Kel-F spectroelectrochemical cell and 
632.8 nm He-Ne laser (Meredith Instruments) described previously.
24, 25
  Typical spectral 




  Solutions for SERS were prepared by combining the following in Milli-
Q water (Millipore, 18.2 MΩ·cm):  0.1 M H2SO4 (Ultrex II ultrapure reagent, J.T. Baker), 0.01 
M) Cu
2+
 from CuSO4•5H2O (99.999% trace metals basis, Aldrich), 50 ppm (1.37 mM) Cl
- 
from 
HCl (Ultrex II ultrapure reagent, J. T. Baker), 1 mM (340 ppm) SPS (when indicated) and 100 
ppm of PEG, EDA or DTA (when indicated).  Solutions were degassed with Ar for at least 30 
min. before use. 
A polycrystalline Cu disk (approx. 9.7 mm in diameter) was used as the working 
electrode, which was manually polished using 1200 grit sandpaper (MicroCut Discs, Buehler) 
and rinsed and sonicated in Milli-Q purified water. The Cu electrode was then roughened using 
0.1 M KCl as previously described.
26, 27
  The counter electrode for SERS measurements was a 
Cu wire, and the reference electrode was a “no leak” Ag/AgCl electrode (3 M KCl, eDAQ).  The 
reference electrode was calibrated to NHE before each use.  All potentials in this work are 
reported relative to Ag/AgCl.  Electrochemical experiments were conducted with a CHI760 
potentiostat (CH instruments).  Potential-dependent SERS was performed using staircase 
voltammetry, where the potential was stepped 50 mV every 31.44 seconds.  30 spectra were 
acquired and accumulated over the 31.44 second time period.  The potential was stepped 
cathodically from ca. 0.1 V to ca. -0.55 V.  Spectra were background subtracted and normalized 
to generate the potential-dependent intensity and Raman peak shift plots.  Error bars were 
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generated from multiple trials.  Gauche:trans intensity ratios were calculated from baseline 
subtracted spectra which were not normalized. 
 
4.3 Results and discussion 
4.3.1 Electrochemical analysis 
 Figure 4.2 shows the results of the galvanostatic injection experiments at a Cu RDE.  The 
electrolyte before injection included 50 g/L Cu
2+
, 50 g/L H2SO4 and 50 ppm Cl
-
.  Figure 4.2a 
shows the full time scale during which the current was held at 1 ASD (10 mA/cm
2
) and the 
potential was monitored.  Suppressor or leveler was injected at 250 s, before SPS accelerator was 
injected at 500 s.  The red curve in Figure 4.2a shows the PEG injection experiment.  PEG 
injection at 250 s results in a cathodic shift in the deposition potential, as expected suppression 
occurs.
14, 28
  Subsequent SPS injection at 500 s results in an anodic shift in potential, as SPS is 
expected to displace PEG at the surface.
11, 14, 29
  The blue curve in Figure 4.2a shows the EDA 
injection experiment.  Upon EDA injection at 250 s, there is no change in the potential 
suggesting very little suppression of Cu deposition takes place.  The small size of EDA suggests 
it will not form as good of a blocking layer at a Cu surface as PEG suppressor.
30
  SPS injection at 
500 s results in an anodic shift in potential due to the acceleration ability of SPS.  The pink curve 
in Figure 4.2a shows the DTA injection experiment.  A small cathodic shift in deposition 
potential occurs upon injection of DTA at 250 s.  The magnitude of the cathodic shift 
experienced with DTA injection is similar to that achieved with EDA, albeit slightly larger, but 
is much smaller than that with PEG injection. The potential shifts anodically when SPS is 
injected at 500 s, similar to the behavior of EDA.  The overall trend could possibly be due to the 
fact that DTA and EDA’s molecular weights are less than that of PEG.
30
  Longer ethylene-amine 
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additives and substitution level of the amine functionality (primary vs. secondary vs. tertiary 
amine) is the focus of future work regarding leveler molecules’ interactions and performance.  
SERS measurements were obtained from electrolytes containing PEG, EDA and DTA, both 
without SPS and with SPS, to further elucidate the behavior of the PEG, EDA, and DTA 
additives. 
 
4.3.2 SERS with Cl
-
, no SPS 
 Electrolytes containing 0.1 M H2SO4, 0.01 M CuSO4, 50 ppm Cl
-
, and 100 ppm 
suppressor or leveler were investigated using SERS obtained from roughened Cu electrode.  
Figure 4.3 shows representative baseline-subtracted SER spectra for PEG (Figure 4.3a), EDA 
(Figure 4.3b), and DTA (Figure 4.3c) in the spectral range 2800-3100 cm
-1
.  The potential was 
stepped cathodically from 0.05 V to -0. 55 V in 50 mV increments.  Every other spectrum is 
shown for clarity.  This spectral region highlights the CH stretching modes.  CH stretching 
modes were used to determine the potential dependent intensity of additives at the surface for 
two reasons:  1) CH modes are some of the most sensitive modes in the Raman spectrum, 
suggesting good correlation between Raman intensity and amount of material at the surface
26
; 
and 2) all three additives (PEG, EDA, and DTA) possess C-H bonds, allowing a consistent 
platform by which to compare.  Complete assignments of Raman modes found the spectra in 
Figure 4.3 are detailed in Table 4.1. 
Normalized potential dependent intensity plots of the νs(CH2) mode for PEG, EDA, and 
DTA are presented in Figure 4.4, with error bars generated from multiple trials.  The red curve of 
Figure 4.4 shows that PEG intensity increases from the beginning of the sweep at 0.05 V to a 
maximum at -0.3 V before diminishing at lower potential.  The blue curve of Figure 4.4 shows 
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EDA intensity peaks early in the cathodic sweep at 0 V before continually decreasing over the 
rest of the potential window until -0.55 V.  DTA intensity, shown in the pink curve, increases 
between the beginning of the sweep and -0.15 V when it reaches a maximum, before decreasing 
over the rest of the cathodic sweep.  The potential at which maximum intensity is achieved 
appears to be associated with the molecular weight of the additives.  EDA is the smallest 
molecule of the present series and reaches a maximum at the least cathodic potential.  DTA is a 
larger molecule than EDA and the peak intensity is achieved at a more cathodic potential 
compared to EDA.  Continually, PEG is the largest molecule of the present series and displays 
the most cathodic potential for maximum peak intensity.  The identified trend suggests that 
molecular weight contributes to the interaction of additives at the surface.
30
 
 The ν(Cu-Cl) Raman shift and intensity as a function of potential were analyzed to 





is known to adsorb to Cu and is important for facilitating the interaction of other additives to the 
surface.
13
  For example, PEG has been shown to only interact at a Cu surface to inhibit Cu 
deposition in the presence of adsorbed Cl
-
.  Two models have been proposed to describe the 
interaction: 1) Cl
-
 stabilizes the Cu
1+
 intermediate of Cu
2+





bridge to which the oxygen atoms of the PEG ether units bind to create a suppression layer
31
 or 
2) the adsorbed Cl
-
 layer causes non-hydrogen bonded water in the solvent network near the 
surface, increasing the relative hydrophobicity of the surface enough to allow PEG co-
adsorption.
32
  Either model explains the crucial role that adsorbed Cl
-
 plays at the surface.  





Analysis of the ν(Cu-Cl) mode in the presence of PEG, EDA, and DTA sheds further insight into 
the additives’ interactions at the surface. 
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 Figure 4.5 shows the peak position for the ν(Cu-Cl) band as a function of potential for 
various electrolytes.  The data is generated from potential dependent SER spectra (data not 
shown) obtained from electrolyte containing 0.1 M H2SO4, 0.01 M CuSO4, 50 ppm Cl
-
, and 100 
ppm suppressor or leveler at a roughened Cu surface.  The ν(Cu-Cl) peak position in electrolyte 
with only Cl
-
 (no other additives) is shown by the black curve in Figure 4.5 and agrees with 
previous reports.
25
  The red curve in Figure 4.5 shows the ν(Cu-Cl) Raman shift as a function of 
potential for electrolyte containing Cl
-
 and PEG.  The ν(Cu-Cl) band in electrolyte with Cl
-
 and 
PEG is blue shifted compared to electrolyte with only Cl
-
 added.  Such a blue shift is most likely 
caused by the putative PEG interaction wherein coordination between Cu
1+







 complex acts to withdraw electron density from the interaction 
between adsorbed Cl
-
 and Cu surface.  The blue and pink curves in Figure 4.5 represent the 
ν(Cu-Cl) Raman shift as a function of potential for electrolyte containing Cl
-
 and EDA and Cl
-
 
and DTA, respectively.  Both are similar to the PEG behavior in that the ν(Cu-Cl) band is blue 
shifted to higher wavenumber in the presence of EDA or DTA compared to that with Cl
-
 alone.  
EDA and DTA are both expected to be cationic in 0.1 M sulfuric acid electrolyte, based on the 
pKa vales of each amine group.
23
  The EDA and DTA curves suggest the cationic amine 




 Intensity of the ν(Cu-Cl) Raman bands as a function of potential were also determined for 
electrolytes containing additives and are presented in Figure 4.6.  Data obtained from electrolyte 
with Cl
-
 and no other additives is shown by the black curve in Figure 4.6.  The intensity is at a 
maximum at the beginning of the cathodic sweep and continually decreases until the end of the 
sweep at -0.55 V.  The red curve of Figure 4.6 shows the potential dependent intensity plot 
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obtained from electrolyte with Cl
-
 and PEG.   The maximum is achieved at -0.3 V.  The blue and 
pink curves of Figure 4.6 show the potential dependent intensity plots for electrolyte with Cl
-
 and 
EDA and electrolyte with Cl
-
 and DTA, respectively.  Both demonstrate a maximum intensity is 
achieved at ca. -0.2 V. 
The potential dependent intensity of ν(Cu-Cl) for the various electrolytes with additives is 
closely associated with the potential dependent intensity of the vs(CH2) of the additives presented 
in Figure 4.4.  To further clarify this relationship, the intensities of the ν(Cu-Cl) and vs(CH2) are 
plotted together by additive in Figure 4.7.  Figure 4.7a shows the ν(Cu-Cl) and vs(CH2) 
intensities as a function of potential for electrolyte containing Cl
-
 and PEG.  The curves overlap 
such that the maximum intensities in ν(Cu-Cl) and vs(CH2) are both achieved at -0.3 V.  Figure 
4.7b shows the curves associated with electrolyte containing Cl
-
 and EDA.  The curves do not 
overlap as closely as those found with electrolyte with Cl
-
 and PEG, but a general trend remains 
that both intensities diminish at negative potential.  Figure 4.7c shows the data for both modes 
relating to electrolyte with Cl
-
 and DTA demonstrating good correlation.  The close correlation 
of the additive CH modes to the ν(Cu-Cl) mode suggests Cl
-
 adsorption plays a large role in 
facilitating the interaction of the additives to the surface.
14, 15, 33
  We suggest that the additive 
interaction occurs via adsorbed Cl
-
, and as Cl
-
 is desorbed from the surface at negative potential, 
the additives also depart.  The potential at which Cl
-
 and additives depart varies among PEG, 
EDA and DTA, but a general trend persists that larger molecules depart at more cathodic 
potentials. 
All three additives demonstrate electron withdrawing capability when interacting at the 
surface resulting in a blue shifted ν(Cu-Cl) Raman band.  Also, the intensities of all additives at 





 is important for facilitating the interaction.  We conclude that PEG, EDA, and DTA 
additives interact in a similar manner at a Cu surface.  Next, we explore the behavior of PEG, 
EDA, and DTA in presence of SPS accelerator. 
 
4.3.3 SERS with Cl
-
 and SPS 
SER spectra were obtained from a roughened Cu electrode for electrolytes containing 0.1 
M H2SO4, 0.01 M CuSO4, 50 ppm Cl
-
, 1 mM SPS accelerator and 100 ppm suppressor or leveler.  
Figure 4.8 shows representative baseline-subtracted SER spectra for electrolyte containing Cl
-
 
and SPS (Figure 4.8a), that with PEG added (Figure 4.8b), that with EDA added (Figure 4.8c), 
and that with DTA added (Figure 4.8d) in the spectral range 200-1400 cm
-1
.  The potential was 
stepped from 0.05 V to -0.55 V in 50 mV increments.  The spectra are dominated by the Raman 
bands relating to SPS and no modes are unequivocally attributed to PEG, EDA, or DTA.  As 
stated previously, SPS dissociates into MPS upon adsorption at a Cu surface.  The thiol 
adsorption interaction dominates the surface even in the presence of the other additives studied 
here.
15
  Full assignments of all of the observed modes for SPS are presented in Table 4.1.  We 
further analyze the ν(Cu-Cl) mode (peak a), the gauche and trans ν(C-Sthiol) modes (peaks d and 
e), and the ν(C-Ssulfoante) mode (peak g) below. 
 Figure 4.9 shows the ν(Cu-Cl) Raman shifts as a function of potential.  The black curve 
of Figure 4.9 shows the ν(Cu-Cl) peak position potential dependence obtained from electrolyte 
with Cl
-
, SPS and no suppressor or leveler.  The data is in agreement with a previous report that 
describes in detail the potential dependent behavior of the ν(Cu-Cl) peak in the presence of 
SPS.
25
  To briefly summarize, the thiol adsorption interaction of MPS, which is aided by 
adsorbed Cl
-
, acts to donate electron density to the surface resulting in a red shifted ν(Cu-Cl) 
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band.  The potential dependence of the ν(Cu-Cl) band for electrolyte with Cl
-
 and SPS in Figure 
4.9 is indeed red shifted compared to the potential dependence of ν(Cu-Cl) band for electrolyte 
with only Cl
-
 added (no SPS) in Figure 4.5.  The red, blue and pink curves show the potential 
dependence of the ν(Cu-Cl) peak position for electrolyte with Cl
-
, SPS and PEG, EDA, DTA, 
respectively.  PEG, EDA, and DTA were previously shown to act as electron withdrawing 
entities when included in electrolyte without SPS, as established in Figure 4.5.  SPS is expected 
to dominate the position of the ν(Cu-Cl) peak because of its electron donating ability at the 
surface, but some modulation is expected from the addition of the other additives because their 
electron withdrawing nature.  Figure 4.9 shows that EDA and DTA do in fact slightly affect the 
electron donating ability of SPS because the ν(Cu-Cl) bands in those electrolytes are blue shifted 
relative to electrolyte with only Cl
-
 and SPS, especially at high potential.  However, electrolyte 
with Cl
-
, SPS and PEG produces a similar ν(Cu-Cl) potential dependence to electrolyte with Cl
-
 
and SPS indicating that PEG does not act to withdraw electron density form the surface in the 
presence of SPS.  Such an observation suggests PEG is not interacting at the surface or with SPS 
as much as EDA or DTA. This conclusion agrees with the logic that PEG suppressor should not 
interact at the surface with SPS, whereas the amines levelers should.
17
 
 A previous study from our group demonstrated that the ratio between the SPS gauche 
ν(C-Sthiol) mode and SPS trans ν(C-Sthiol) mode at the surface is correlated with SPS acceleration 
performance based on analysis of accelerators with various chain lengths.
22
  A gauche:trans ratio 
above 1 indicates that the gauche conformation dominates the structure of the alkyl chain 
backbone in the accelerator molecule, whereas a ratio below 1 indicates the trans conformation 
dominates.  Furthermore, a gauche:trans ratio above 1 is correlated with effective acceleration of 
Cu electrodeposition, whereas a ratio equal to or less than 1 indicates poor acceleration ability.  
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The present study uses the correlation between the gauche:trans ratio and SPS structure to 
evaluate the interaction between SPS and suppressor and interaction between SPS and levelers.   
The gauche:trans ratios are calculated for electrolytes containing Cl
-
, SPS and suppressor 
or leveler and are presented in Figure 4.10 as a function of potential.   The gauche:trans ratio for 
electrolyte with Cl
-
 and SPS is shown by the black curve, that with PEG added by the red curve, 
that with EDA added by the blue curve, and that with DTA added by the pink curve.  The 
gauche:trans ratio for electrolyte with Cl
-
 and SPS (black) approaches a maximum intensity of 2 
at -0.2 V and is in agreement with that previously reported from our group.
22
  The ratio is 
dynamic and above 1 for the entirety of the potential sweep indicating unhindered, dynamic 
structural behavior.  The gauche:trans ratios for electrolytes with Cl
-
, SPS and suppressor or 
leveler are evaluated at -0.2 V for comparison to electrolyte with only Cl
-
 and SPS.  The 
gauche:trans ratio for electrolyte with Cl
-
, SPS and PEG (red) reaches a maximum value of 1.6 
at -0.2 V, indicating the structure of SPS is not significantly affected or hampered.  The 
gauche:trans ratio for electrolyte with Cl
-
, SPS and EDA (blue) reaches a smaller maximum of 
1.3 at -0.2 V than compared to the SPS only or the PEG added cases.  The gauche:trans curve for 
electrolyte with Cl
-
, SPS and EDA changes in a smaller range throughout the potential sweep 
indicating that the SPS structure is much less dynamic and therefore SPS structure is hindered 
more by EDA than by PEG.  Continually, the gauche:trans ratio for electrolyte with Cl
-
, SPS and 
DTA (pink) results in a maximum of 1.1 at -0.2 V and is nearly constant throughout the potential 
window.  Electrolyte with DTA produces the smallest gauche:trans ratio value and least dynamic 
SPS behavior of all the presently investigated electrolytes indicating DTA affects the SPS 
structure more than either PEG or EDA.  DTA’s more significant interference of SPS structure 
compared to EDA’s suggests molecular weight plays a role in the leveler interaction with SPS, 
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though an effect due to the presence of DTA’s secondary amine cannot be strictly ruled out.  To 









 Having established a trend among PEG, EDA, and DTA for their effect on SPS structure 
and behavior, we now investigate the manner in which these additives achieve such an 
interaction.  Levelers are expected to inhibit SPS accelerator via an ion-pairing mechanism 
between cationic leveler functionality and anionic sulfonate functionality of SPS.  Evaluation of 
the ν(C-Ssulfonate) yields valuable insight into the nature of interactions between SPS and 
suppressor and SPS and leveler.
9
  Figure 4.11 shows the ν(C-Ssulfonate) Raman shift as a function 
of potential for electrolyte with Cl
-
 and SPS (black), electrolyte with Cl
-
, SPS and PEG (red), 
electrolyte with Cl
-
, SPS and EDA (blue), and electrolyte with Cl
-
, SPS and DTA (pink).  
Electrolyte with Cl
-
 and SPS shows the ν(C-Ssulfonate) band exists between 788-791 cm
-1
 
throughout the potential window.  Similarly, the ν(C-Ssulfonate) band exists between 790-793 cm
-1
 
for electrolyte with Cl
-
, SPS and PEG.  On the other hand, the ν(C-Ssulfonate) band exists between 
795-798 cm
-1
 for electrolyte with Cl
-
, SPS and EDA and electrolyte with Cl
-
, SPS and DTA. 
The precision of the measurements of the ν(C-Ssulfonate) peak position is represented by 
error bars and suggests there is little difference between electrolyte with Cl
-
 and SPS and that 
with Cl
-
, SPS and PEG.  The error bars also suggest there is little difference between electrolyte 
with Cl
-
, SPS and EDA that with Cl
-
, SPS and DTA.  However, there exists a statistically 
significant difference between these two regimes wherein the amines cause a blue shift the SPS 
ν(C-Ssulfonate) mode.  The blue shift in the ν(C-Ssulfonate) mode suggests that both EDA and DTA 
affect and/or interact with the SPS sulfonate group more than PEG does.  The blue shift could be 
the result of the cationic amine species withdrawing electron density from the C-S bond.  This 
103 
 
observation provides the first direct chemical evidence of the putative ion-pairing model in 




 In conclusion, intermolecular interactions among Cu electrodeposition accelerators, 
suppressors, and levelers were analyzed using electrochemical injection experiments and SERS.  
PEG, EDA, and DTA were chosen as representative suppressor and levelers, respectively, with 
the ability to determine both chemical functionality and molecular weight effects on SPS 
structure SPS.  PEG is a large molecule with no cationic functionality.  Contrastingly, EDA and 
DTA possess cationic amine functionalities to facilitate ion-pairing with SPS sulfonate groups.  
DTA is larger than EDA allowing the effect of leveler molecular weight on SPS structure to be 
determined. 
Cu electrodeposition suppression behavior observed via galvanostatic injection 
experiments is most likely dependent on the molecular weight of the additive species when SPS 
is not present.  SERS measurements of PEG suppressor and EDA and DTA levelers in the 
absence of SPS accelerator show all additives interact at a Cu surface similarly via adsorbed Cl
-
.  
However, clear differences in surface behavior exist between PEG suppressor and EDA and 
DTA levelers when SPS is present.  The amine functionalities of EDA and DTA are shown to 
ion-pair with the sulfonate group of SPS as indicated by the blue shift in the ν(C-Ssulfonate) mode.  
PEG does not possess the proper ion-pairing ability and indeed does not cause a blue shift the 
ν(C-Ssulfonate) mode.  Furthermore, EDA and DTA affect the SPS structure more so than PEG as 
shown by the gauche:trans ν(C-Sthiol) ratio analysis, which agrees with the general assumptions 
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about the differences between suppressors and levelers.  SPS structure is less dynamic in the 
presence of DTA than in the presence of EDA suggesting molecular weight of properly 
functionalized levelers also plays a role in dictating intermolecular interactions. 
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4.6 Figures and table 
 
Figure 4.1 Chemical structures of (A) poly(ethylene glycol) dimethyl ether (PEG), (B) 





Figure 4.2 (a) Galvanostatic injection experiments wherein PEG (red), EDA (blue), or DTA 
(pink) is injected into 50 g/L Cu
2+
, 50 g/L H2SO4 and 50 ppm Cl
-
 electrolyte at 250 s such that 
the final concentration is 100 ppm.  SPS accelerator is injected at 500 s such that the final 







Figure 4.3 Representative SER spectra obtained from a roughened Cu surface of electrolyte 
containing 0.1 M H2SO4, 0.01 M CuSO4, 50 ppm Cl
-
, and 100 ppm (a) PEG, (b) EDA, or (c) 
DTA. 
 
Figure 4.4 Baseline subtracted normalized peak intensity of CH stretching mode as a function of 
potential for electrolyte containing 0.1 M H2SO4, 0.01 M CuSO4, 50 ppm Cl
-
, and 100 ppm (red) 





Figure 4.5  ν(Cu-Cl) Raman shift as a function of potential for electrolyte containing 0.1 M 
H2SO4, 0.01 M CuSO4, and (black) 50 ppm Cl
-
, and that with 100 ppm (red) PEG, (blue) EDA, 
or (pink) DTA added. 
 
Figure 4.6 Baseline subtracted normalized peak intensity of the ν(Cu-Cl) mode as a function of 
potential for electrolyte containing 0.1 M H2SO4, 0.01 M CuSO4 and (black) 50 ppm Cl
-
, and that 




Figure 4.7 Combined baseline-subtracted normalized peak intensity of ν(Cu-Cl) and CH 







Figure 4.8 Representative SER spectra obtained from a roughened Cu surface of electrolyte 
containing 0.1 M H2SO4, 0.01 M CuSO4, 50 ppm Cl
-
, and (a) 1 mM SPS, and that with 100 ppm 





Figure 4.9 ν(Cu-Cl) Raman shift as a function of potential for electrolyte containing 0.1 M 
H2SO4, 0.01 M CuSO4, 50 ppm Cl
-
, and (black) 1 mM SPS, and that with 100 ppm (red) PEG, 
(blue) EDA, or (pink) DTA added. 
 
Figure 4.10 Ratio between gauche ν(C-Sthiol) and trans ν(C-Sthiol) modes as a function of 
potential for electrolyte containing 0.1 M H2SO4, 0.01 M CuSO4, 50 ppm Cl
-
, and (black) 1 mM 




Figure 4.11 ν(C-S)sulfonate Raman shift as a function of potential for electrolyte containing 0.1 M 
H2SO4, 0.01 M CuSO4, 50 ppm Cl
-
, and (black) 1 mM SPS, and that with 100 ppm (red) PEG, 















Table 4.1 Raman mode assignments 
Peak 
Observed Raman shifts with SPS (cm
-1
) 
Assignment Ref. SPS+Cl SPS+Cl+PEG SPS+Cl+EDA SPS+Cl+DTA 
a 282 280 285 285 ν(Cu-Cl)  24, 25, 34-37 
b 438 436 434 432 δ(CCC/CCS)  38-40 
c 522 529 523 529 ρ(SO2)  41, 42 
d 617 619 618 621 gauche ν(C-Sthiol)  39, 43-46 
e 679 681 680 683 trans ν(C-Sthiol)  24, 39, 40, 44, 46, 47 
f 730 730 728 734 ρ(CH2)  24, 40, 42, 43 
g 792 793 795 796 ν(C-SO3)  24, 47, 48 
h 850 847 845 845 ρ(CH2)  24, 39 
i 908 907 905 909 ρ(CH2)  38, 40 
j 952 952 953 952 gauche ν(C-C)  39 
k 1026 1033 1035 1040 trans ν(C-C)  40, 46 
l 1236 1237 1237 1236 ω(CH2)  24, 38, 42, 48 
m 1270 1271 1270 1270 ω(CH2)  24, 39, 49, 50 
n 1345 1343 1340 1341 δ(CH2)  24, 38, 50 
o 1417 1416 1415 1416 δ(CH2)  24, 38, 42 
  Observed Raman shifts without SPS (cm
-1
)     
Peak   PEG+Cl EDA+Cl DTA+Cl     
p    2883 2906 2900 νs(CH2)  26, 51-54 
q   2944 2934 2933 ν(CH2)  26, 51-54 
r   2967 2972 2971 νa(CH2)  26, 51-54 
 
4.7 References 
1. M. Carano, Iconnect007: PCB magazine,  (5), 8-20 (2015). 
2. E. Najjar, L. Barstad, J. Nagarajan, M. Lin, M. Rzeznik, and M. Lefebvre, Iconnect007: 
PCB magazine,  (5), 22-40 (2015). 
3. P. Andricacos, C. Uzoh, J. O. Dukovic, J. Horkans, and H. Deligianni, IBM Journal of 
Research & Development, 42 (5), 567-574 (1998). 
113 
 
4. P. M. Vereecken, R. A. Binstead, H. Deligianni, and P. C. Andricacos, IBM Journal of 
Research & Development, 49 (1), 3-18 (2005). 
5. D. Josell, D. Wheeler, and T. P. Moffat, Journal of The Electrochemical Society, 159 
(10), D570-D576 (2012). 
6. X. Gagnard and T. Mourier, Microelectronic Engineering, 87 (3), 470-476 (2010). 
7. C. Melvin and B. Roelfs, Chip Scale Review, 20 (2), 20-24 (2016). 
8. L.-L. Li and C.-J. Yang, Journal of The Electrochemical Society, 164 (6), D315-D320 
(2017). 
9. R. Schmidt, T. Beck, R. T. Rooney, and A. A. Gewirth, in "2018 IEEE 68th Electronic 
Components and Technology Conference (ECTC)", p. 1220-1225, 2018. 
10. Y.-L. Cheng, C.-Y. Lee, and Y.-L. Huang, in Noble and Precious Metals: Properties, 
Nanoscale Effects and Applications, M. Seehra and A. Bristow, eds., IntechOpen, (2018). 
11. J. Reid, Japanese Journal of Applied Physics, 40 (Part 1, No. 4B), 2650-2657 (2001). 
12. S.-K. Kim, D. Josell, and T. P. Moffat, Journal of The Electrochemical Society, 153 (9), 
C616-C622 (2006). 
13. M. Yokoi, in Copper Electrodeposition for Nanofabrication of Electronics Devices, K. A. 
Kondo, R.N.; Barkey, D.P.; Yokoi, M, ed., Springer-Verlag New York, (2014). 
14. T. P. Moffat, D. Wheeler, and D. Josell Journal of The Electrochemical Society, 151 (4), 
C262-C271 (2004). 
15. N. T. M. Hai, K. W. Krämer, A. Fluegel, M. Arnold, D. Mayer, and P. Broekmann, 
Electrochimica Acta, 83 367-375 (2012). 




17. P. Broekmann, A. Fluegel, C. Emnet, M. Arnold, C. Roeger-Goepfert, A. Wagner, N. T. 
M. Hai, and D. Mayer, Electrochimica Acta, 56 (13), 4724-4734 (2011). 
18. T. P. Moffat, D. Wheeler, M. D. Edelstein, and D. Josell, IBM Journal of Research and 
Development, 49 (1), 19-36 (2005). 
19. T. P. Moffat and D. Josell, Israel Journal of Chemistry, 50 (3), 312-320 (2010). 
20. A. Chrzanowska, R. Mroczka, and M. Florek, Electrochimica Acta, 106 49-62 (2013). 
21. T. Moffat, S.-K. Kim, and D. Josell, ECS Transactions, 2 (6), 93-106 (2007). 
22. K. G. Schmitt, R. Schmidt, J. Gaida, and A. A. Gewirth, Physical Chemistry Chemical 
Physics,  (Accepted),  (2019). 
23. C. De Stefano, O. Giuffrè, and S. Sammartano, Journal of Chemical & Engineering 
Data, 50 (6), 1917-1923 (2005). 
24. Z. D. Schultz, Z. V. Feng, M. E. Biggin, and A. A. Gewirth, Journal of The 
Electrochemical Society, 153 (2), C97-C107 (2006). 
25. K. G. Schmitt, R. Schmidt, H. F. von-Horsten, G. Vazhenin, and A. A. Gewirth, The 
Journal of Physical Chemistry C, 119 (41), 23453-23462 (2015). 
26. R. T. Rooney, K. G. Schmitt, H. F. von Horsten, R. Schmidt, and A. A. Gewirth, Journal 
of The Electrochemical Society, 165 (14), D687-D695 (2018). 
27. H. Y. H. Chan and M. J. Weaver, Langmuir, 15 (9), 3348-3355 (1999). 
28. K. R. Hebert, Journal of The Electrochemical Society, 152 (5), C283-C287 (2005). 
29. M. Tan, C. Guymon, D. R. Wheeler, and J. N. Harb, Journal of The Electrochemical 
Society, 154 (2), D78-D81 (2007). 




31. Z. V. Feng, X. Li, and A. A. Gewirth, The Journal of Physical Chemistry B, 107 (35), 
9415-9423 (2003). 
32. G.-K. Liu, S. Zou, D. Josell, L. J. Richter, and T. P. Moffat, The Journal of Physical 
Chemistry C, 122 (38), 21933-21951 (2018). 
33. N. T. M. Hai, J. Odermatt, V. Grimaudo, K. W. Krämer, A. Fluegel, M. Arnold, D. 
Mayer, and P. Broekmann, The Journal of Physical Chemistry C, 116 (12), 6913-6924 
(2012). 
34. G. A. Hope and R. Woods Journal of The Electrochemical Society, 151 (9), C550-C553 
(2004). 
35. G. M. Brown and G. A. Hope, Journal of Electroanalytical Chemistry, 405 (1–2), 211-
216 (1996). 
36. H. Y. H. Chan, C. G. Takoudis, and M. J. Weaver, The Journal of Physical Chemistry B, 
103 (2), 357-365 (1999). 
37. G. Niaura and A. Malinauskas, Journal of the Chemical Society, Faraday Transactions, 
94 (15), 2205-2211 (1998). 
38. F. Bensebaa, Y. Zhou, A. G. Brolo, D. E. Irish, Y. Deslandes, E. Kruus, and T. H. Ellis, 
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, 55 (6), 1229-
1236 (1999). 
39. N. Sandhyarani and T. Pradeep, Vacuum, 49 (4), 279-284 (1998). 
40. T. Ha Joo, K. Kim, and M. Soo Kim, Journal of Molecular Structure, 158 265-274 
(1987). 
41. N. O. Johnson, J. T. Turk, W. E. Bull, and H. G. Mayfield Jr, Inorganica Chimica Acta, 
25 235-239 (1977). 
116 
 
42. M. A. Pasquale, A. E. Bolzán, J. A. Güida, R. C. V. Piatti, A. J. Arvia, O. E. Piro, and E. 
E. Castellano, Solid State Sciences, 9 (9), 862-868 (2007). 
43. B. Bozzini, L. D’Urzo, V. Romanello, and C. Mele, Journal of The Electrochemical 
Society, 153 (4), C254-C257 (2006). 
44. A. Kudelski, Journal of Raman Spectroscopy, 34 (11), 853-862 (2003). 
45. Bloxham, Chemija. 
46. M. A. Bryant and J. E. Pemberton, Journal of the American Chemical Society, 113 (22), 
8284-8293 (1991). 
47. A. Kudelski, Langmuir, 18 (12), 4741-4747 (2002). 
48. Y.-S. Li, Y. Wang, J. S. Church, F. Garzena, Z. Zhang, and D. An, Spectrochimica Acta 
Part A: Molecular and Biomolecular Spectroscopy, 59 (8), 1791-1798 (2003). 
49. A. Kudelski, M. Pecul, and J. Bukowska, Journal of Raman Spectroscopy, 33 (10), 796-
800 (2002). 
50. C. D. Keefe and S. Jaspers-Fayer, Vibrational Spectroscopy, 57 (1), 72-80 (2011). 
51. J. P. Healy, D. Pletcher, and M. Goodenough, Journal of Electroanalytical Chemistry, 
338 (1), 155-165 (1992). 
52. B. Bozzini, C. Mele, L. D’urzo, G. Giovannelli, and S. Natali, Journal of Applied 
Electrochemistry, 36 (7), 789-800 (2006). 
53. K. Krishnan and R. A. Plane, Inorganic Chemistry, 5 (5), 852-857 (1966). 
54. SDBSWeb. National Institute of Advanced Industrial Science and Technology, 
https://sdbs.db.aist.go.jp. 
 
 
